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PREFACE TO THE THIRD EDITION 


The five years which have elapsed since the second edition of this text 
was prepared have seen great advances in the radio art, not only in the 
types of apparatus, amounts of power radiated, etc., but also in the popular 
appreciation of the value of radio communication. The radio receiving set 
is now as much a part of the home equipment as are the electric light and 
automobile. It is no longer a question as to whether the home shall have a 
radio set—it is merely a question as to what type it shall be. 

During the last five years the battery-operated set has virtually dis¬ 
appeared from the market; the sets of today are practically always operated 
from power obtained by rectifying the alternating current house supply. 
In this edition, therefore, more material has been added on the subject of 
rectifying apparatus and circuits, and the action of filters. 

With increasing amplifications the shielding of radio sets has become 
more important, and so more material in this field has been added. The 
electrolytic condenser is finding more extensive application and has there¬ 
fore been analyzed with reasonable detail, and its performance shown. 
The newer types of tubes, and wider fields of use of the older ones have 
received proper notice. 

The action of piezo active quartz and its use in frequency control 
has been explained more in detail, and the use of cr>^stal oscillators, with 
degree of frequency control available, is shown. 

The action of microphones, with actual calibration data on the 
different types, is taken up and the question of harmonics introduced by 
them into the modulation is discussed. The action of modulators is 
more thoroughly explained together with experimental data on their 
performance. 

Radio circuits have become sufficiently standardized by now, to 
warrant giving some reasonably complete circuit layouts, and this is 
done, for both telegraphy and telephony channels. 

An attempt has been made to introduce the more important findings 
regarding the action of short waves and their reflection from the ionized 
layers of the atmosphere; the action of this reflecting atmosphere, its 
location and movement, and its effect in changing the apparent direction 
of radio waves are given more in detail. 
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There is much new material dealing with the attenuation of radiated 
energy and the fields covered by a given amount of power under different 
conditions. The practicability of directed radiation and reception has 
been analyzed^ and its use in commercial channels explained and illus¬ 
trated. ♦ 

Radio beacons for airplane guidance have Ijeen greatly developed 
during the last five years, due largely to the activity of the Radio 
Section of the Bureau of Standards; a resume of their findings, and 
the present types of beacons used, is introduced at suitable places in 
the text. 

Still more of the chapter on spark telegraphy has been deleted, as this 
type of radio communication finds less and less application. However, 
such material as may serve for analy.sis of f>hock (‘xcitation, etc., has been 
retained, as this will probably have jK‘rmanent value. 

J. H. M. 

June 1, 1932. 

CoLOIBI.\ rxiVKRSITY, 

New York Cm*. 



PREFACE TO SECOND EDITION 


The very cordial reception accorded the first edition of this book has 
encouraged the author to attempt a thorough revision with the idea of 
bringing it completely up to date. As in the previous edition, however, 
no pretense is made that the book is a treatise on radio practice; in gen¬ 
eral only the principles involved in the operation of radio apparatus have 
received attention. Whatever radio apparatus is discussed is dealt with 
only to illustrate those principles the text is intended to elucidate. 

When the first edition of the book was in preparation there was very 
scant radio literature from which to draw so that most of the data sub¬ 
mitted in verification of the theory was laboriously obtained by the author 
himself. In the intervening years prolific publication on radio subjects 
has taken place with the result that this edition is much more thorough 
and complete than was the first. The data on the various phases of the 
radio art have Ix'come so plentiful that but a small part could be incor¬ 
porated in this volume; to make the text as useful as possible, however, 
references have been given to most of the outstanding articles which have 
appeared in English during the past decade. 

The new material incorporated in this edition so increased the size 
that it was thought advisable to delete much of the first edition. A con¬ 
siderable part of the chapter on Spark Telegraphy has been taken out, 
therefore, and two of the chapters of the earlier edition have been deleted. 
The chapter on radio measurements, and that on ex^x^riments, have been 
omitted; if a demand for the material of these two chapters appears it 
will be published as a separate volume. 

Notable additions to the older edition occur in Chapters II, IV, VIII 
and X. In Chapter II many new^ data on coils and condensers at radio 
frequencies are given. In Chapter IV, dealing with the general features of 
radio transmission, new material on field strength measurements, reflec¬ 
tion and absorption, fading, short-wave propagation, etc., has been intro¬ 
duced. In C^diapter VIII (radio telephony), a great deal of material 
on voice analysis has been added; the performance of loud-speaking 
telephones, frequency control by crystals, etc., has been discussed. 
In Chapter X, dealing with amplifiers, the question of distortionless 
amplification has been thoroughly dealt with, some of the material being 
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given for the first time. The question of radio-frequency amplification, 
balanced circuits, push-pull arrangements, etc., have been explained. 

No attempt has been made to give credit to the various inventors of 
radio apparatus, because nearly all of the important radio patents are at 
present in litigation and a text-book writer does not have available the 
material on which to base a reasonable conclusion as to whom the credit 
belongs. Only after the courts have given their final decisions can the 
various radio developments be ascribed properly to the different pioneer 
workers. 

J. H. M. 

AprU 13, 1927. 

Columbia University, 

New York City. 



PREFACE TO FIRST EDITION 


The student desiring to familiarize himself with the theory and practice 
of Radio Communication should be thoroughly grounded in the ordinary 
laws of continuous and alternating-current circuits; he should also have 
a clear physical conception of the transient conditions continually occurring 
in such circuits. These elementary ideas are best obtained by consider¬ 
ing the electric current from the electron viewpoint, i.e., as a compara¬ 
tively slow drift of innumerable minute negative electric charges, which, 
at the same time they are drifting through the substance of the conductor, 
are executing haphazard motions with very high velocities, continually 
colliding with each other and with the molecules of which the conductor 
is composed. 

Due to the extremely high frequencies encountered in radio practice 
it is necessary to expand somewhat one's ideas of resistance, inductance, 
and capacity, the so-called constants of the electric circuit. As a result 
of the non-uniformity of current distribution the resistance of a conductor 
at high frequency is generally much higher in a radio circuit than it is at 
ordinary engineering frequencies; due to non-penetration of magnetic 
flux and hysterelic lag, the apparent permeability of an iron core is much 
less at radio freciuencies than at the customary sixty cycles; due to imper¬ 
fect polarization of dielectrics the apparent specific inductive capacity 
of an insulator may be much decreased at radio frequencies and the heat¬ 
ing due to dielectric losses may be thousands of times as great as is the case 
in ordinary engineering practice. Furthennore, due to the unavoidable 
internal capacity, the apparent inductance of even an air core coil may 
be expected to vary at high frequencies; in fact, a piece of apparatus 
which is physically a coil, when used at radio frequencies, may, by electric 
measurement, be found a condenser. 

All of the effects indicated above are treated in the early chapters of 
the text, not in as comprehensive manner as is possible, to be sure, but 
with sufficient thoroughness to open the student's eyes to the possible 
peculiar behavior of circuits when excited by the very high frequencies 
of radio practice. 

Because of its importance to the radio art a considerable part of the 
text is given over to the theory and behavior of the thermionic three- 

xi 
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electrode tube; at the time this material was compiled there was no com¬ 
prehensive treatment of the subject anywhere, but there has recently 
appeared an excellent volume on Vacuum Tubes (by H. J. Van der Bijl) 
which every student of radio should carefully peruse. It is hoped that 
the subject matter presented in this text may supplement, rather than 
duplicate, that given in the above-mentioned volume; the actual behavior 
of tubes in typical circuits is covered in this text in a more thorough 
manner than has teen attempted in other texts, and practically all the 
theoretical deductions are substantiated by experimental data, much 
of which has teen obtained in the author’s laboratory. 

A chapter has teen devoted to each important phase of the radio art; 
there is also incorporated a short course of elementary experiments which 
may well be carried out by electrical engineering students especially inter¬ 
ested in Radio. For those desiring to spK'cialize in Radio, the material 
given in the body of the text will furrush ideas for unlimited further 
experimentation. 

On certain parts of the text very valuable assistance has been given 
by the author’s former colleague, Mr. A. Pinto, and by Mr. W. A. (.’urry, 
who is at present associated with him in radio instruction; due credit 
is given to them on the title page of the text. 

J. H. M. 

Columbia University, 

April, 1921. 
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CHAPTER I 

FUNDAMENTAL IDEAS AND LAWS 

Nature of Electricity.—Everyone is more or less familiar with elemen¬ 
tary experiments having? to do with electrically charged bodies. Fur, 
if rubbed on a dry day, crackles and gives off minute sparks; a glass rod 
rubbed with a cloth becomes electrified and will attract small bits of 
paper, cotton, etc.; due to wind friction, and other causes, clouds become 
intensely electrified and are able to break down the insulating strength 
of the air and produce sparks thousands of feet long. 

In what way does an electrified body, or electrically charged body, 
differ from one in the uncharged, or neutral, state? A reasonable answer 
to this question is found in the modem conception of the constitution 
of matter. 

Electrons.—It has been fimily established that every atom of matter 
is charged with minute particles ^ of negative electricity, so-called electrons. 
An electron, when detached from the atom of matter with which it was 

^ It may seem difficult at first to think of electricity as made up of separate, dis¬ 
crete quantities instead of a continuous distribution of electric charge, but it is pointed 
out that according to modern concept energy itself is always present as a certain number 
of unit quantities; that is, energy itself is to be “ counted ” in terms of the smallest 
possible quantity, called a “ quantum.” 

During the last year or two, scientists of the Bell Telephone laboratory have carried 
out certain experiments which lead to the conclusion that electrons are weaves, that is, 
definite amounts of energy in the form of wave trains. The experiment consisted 
essentially of shooting beams of electrons through crystals onto a photographic plate; 
the patterns which the emerging electrons produced on the plate gave almost conclusive 
proof that the electrons, at- least during the time they were traversing the crystal, were 
groups of electromagnetic waves. 
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associated, shows none of the properties of ordinary matter. It does not 
react chemically with other electrons to produce some new substance; 
moreover, all electrons are similar, no matter from what type of atom 
they have been extracted. Thus an electron from the hydrogen atom 
acts precisely the same as the electrons from atoms of oxygen, iron, chlo- 
nne, or any other substance. It seems that the electron is nothing hut 
filectricity. It is definite in amount, always being exactly the same, 
and is generally believed to be the smallest possible quantity of electri¬ 
city, i.e., electricity cannot be subdivided into quantities smaller than the 
electron. 

The constants of the electron are: Radius ^ =2X10"^'^ cm.; mass = 8.99 
gram; charge = 1.59X coulomb.^ The mass of the electron 
depends upon the velocity with which it is moving; the value given here 
holds good only if the electron is traveling at velocities considerably less 
than the velocity of light, say less than 10** cm./sec. 

The mass of the electron is determined from the curvature of its path 
as it travels at high velocities through a transverse electric or magnetic 
field. 

It is found from the curvature of these paths that the low velocity 
mass of the electron, namely, 8.99X10 -^ gram, must be multiplied by 


commensurate with that of light. In this expression v is the velocity 
of the electron (with respx'ct to the observer) and V is the velocity of light 
(practically 3X10^^* cm. per sec.). 

For many years it has been the custom for physicists to speak of 
positive electricity and negative electricity; from this standpoint the 
electron is negative electricity. All electrons are the same kind, or polarity, 
hence follows our present conception that the electron is the smallest possible 
quantity of negative electricity. 

Charged Body.—From the electron viewpoint a negatively charged 
body is one having more than its normal number of electrons and a posi¬ 
tively charged body is one having less than its normal number of electrons. 
Let the circular shape in Fig. 1 represent an atom of helium;'^ the small 

^ The radius of an electron is a rather arbitrary dimension, and is not a definitely 
measurable quantity such as the radiu.s of a metal ball; it is obtaine<l from the results 
of certain experiments on the collision of electrons. Rutherford estimates the radius of 
the nucleus of the very heavy elements (e.R., uranium) fis 10 em. 

2 The student who is particularly interested in the theoretical and experimental 
work from which these values are obtained is referred to “Conduction of Electricity 
through Gases,” by J. J. Thomson. 

* In recent years much work has been done in investigation of the structure of 



to represent its mass when traveling with a velocity 
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circles with the minus sign in them represent the electrons associated with 
the normal helium atom. The normal atom is not charged; it does not 
exert any attractive or repulsive force on the other atoms, due to its 
electrical state. 

The structure of the atom of nearly every substance is now known with 
a remarkable degree of certainty, this knowledge having been gained for 
the most part by experiments with the reflection and transmission of 
X-rays by the substance in question. In the center part of the atom are 
grouped some electrons and some positive charges, these being frequently 
called positive electrons; the amount of positive electricity on the positive 
electron is just equal to the amount of negative electricity on the 
negative electron, so that an atom having an equal number of positive 
and negative electrons shows no electric charge, the negatives and positives 
just neutralizing each other. 

The center part of the atom, consisting of closely grouped numbers of 
positive and negative electrons, always has more positives than negatives, 
so that this group (called the 
nucleus of the atom) always ex- 
hibits a net positive charge; the 

nucleus is thus said to be posi- ' ^ 

tively charged. 

Grouped around the nucleus 
(possibly as the planets are 
grouped around the sun) are 
numbers of negative electrons, 
this number being just sufficient 
in the uncharged atom to neu¬ 
tralize the excess positive charge 
of the nucleus. The number 
and arrangement of these outer 
electrons determine what the 
atom is, whether hydrogen, oxy¬ 
gen, copper, gold, chlorine, etc. 

All substances are made up of the two elementary quantities, positive 
and negative electrons, and the nearly one hundred different elements 
we know differ only in the number and arrangement of the two kinds 
of electrons. 

The heavier the substance the more complicated is the atom; thus 
the hydrogen atom has only two electrons, one positive and one negative, 
whereas such elements as tungsten and mercury have very many electrons, 
placed in certain well-known complex arrangements. 

the atom; an interesting and elementary exposition of some of the modern views is 
given in “The Nature of Matter and Electricity,** by Comstock and Troland. 
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If one electron is removed from the atom by some means or other 
(represented in Fig. 2) the balance between positive and negative charge 
is destroyed; an excess of positive charge exists on the atom and the atom 
is positively charged. The electron which has been removed from the 
atom constitutes a negative charge. If the electron is allowed to go back 
to the atom the balance of charge is restored and the atom is again 
uncharged, or neutral. 

A positively charged body, therefore, is one which has been deprived 
of some of its normal number of electrons; a negatively charged body is 
one which has acquired more than its normal number of electrons. Thus 
when a piece of sealing wax is rubbed with dry flannel the wax becomes 
negatively charged and the flannel becomes positively charged. The 
-friction between 



\ Ionized atom 


the wax and the 
flannel must have 
rubbed some of 
the electrons off 
the flannel mole¬ 
cules and left 
them on the sur¬ 
face of the wax. 

The extra elec¬ 
trons on the wax 
are attracted by 
the deficient mole- 
cnles of the flan- 


-nel (positive and 

Fig. 2.— Conventional model of a simple atom charged posi- negative charges 
tively, erne of its electrons being free. attract each other) 

and if the flannel and wax are left together after being rubbed they 
soon lose their charges; the molecules of the flannel regain their proper 
number of electrons. 


Number of Electrons Removable from an Atom. —Although there may 
be a great number of electrons associated with an atom or molecule it 
is generally not possible to remove more than one; in a body which is 
positively charged most of the atoms are neutral, having their proper 
complement of electrons; others have had one electron removed. If 
but few of the atoms of a body, have had an electron removed the body 
has a smalbcharge; the more highly the body is charged the more of the 
deficient atoms there are on it. 


The reason that only one electron is generally removable becomes 
evident when we think of the electric forces at play in the atomic structure. 
With its proper complement of positive and negative electrons the normal 
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atom (uncharged) exerts no force on charged bodies in its vicinity; thus 
there is practically no force tending to make some free wandering electron 
move to a neutral atom. But if one electron has been removed from an 
atom, the free electron will be strongly attracted thereto and will fall into 
the atomic structure to fill the place of the missing electron. 

As a new electron joins the atomic structure of a deficient atom it 
does not generally fall quietly into place, but executes some type of oscil¬ 
latory motion while it is “ settling down.^' These oscillatory motions 
occur with the frequency of light waves, and in fact if they happen to 
fall within the range of visible light, they become evident to the eye. 
The freciuency of these oscillatory motions (hence color of the light) 
depends upon the electric structure of the atom, that is, upon the sub¬ 
stance itself. 

After one electron has been removed from an atom it is more difficult 
to remove another because of the positively charged condition of the 
deficient atom; evidently it becomes increasingly difficult to remove 
others. In certain experiments it has been possible to remove several 
electrons, but to accomplish this excessive forces are required. Some¬ 
times it is done by intense heat and sometimes by excessive energy of 
bombardment by high-speed electrons. 

The breaking up of various atoms by taking away some of the outer 
electrons has extended greatly in recent years; it is now known that the 
transmutation of one element into another is quite possible, and such 
change is occurring in radioactive substances all the time. Radium, 
a very heavy and complex atom, is gradually disintegrating (by throwing 
off positive and negative electrons) into lead; lead itself may be changing 
into some other substance, but so slowly that within the short time man 
has experimented, it may not be possible to detect the change. 

On the other hand, the “ cosmic rays,^^ about which so much has been 
written in recent years, seem to prove that in interstellar space elements 
are being formed, instead of broken down. When the lighter elements 
combine to form heavier ones, such as iron and nickel, energy is presumably 
given off in the form of these very short electromagnetic waves, the presence 
of which the expc'rimenter determines by their ionizing action in the air. 
Their wave length is much less than that of X-rays, hitherto regarded as the 
shortest waves generated. 

From this modern viewpoint, therefore, it seems that the amoimt of 
charge on a body should be counted; the charge consists of discrete things. 
Instead of saying that a body has a certain amount of negative electricity 
on it, we might more reasonably say that a certain number of electrons 
has been deposited on it. 

Electric Fields. —If a light substance, such as a pith bail, is touched 
to a charged body, it becomes charged with electricity of the same polarity 
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as that on the body itself; as like charges repel one another the pith ball 
will be repelled from the charged body. By experimenting it may be 
found that the repulsive force between the pith ball and the original charge 
exists even when there is considerable distance between the two. The 
space surrounding a charged body is evidently under some kind of strain 
which enables it to act upon a charged body with a force, attractive or 
repulsive, according to the relative polarities of the two charges. This 
space surrounding a charged body, in which another charged body is 
acted upon by a force tending to move it, constitutes an electric field, 
sometimes called an electrostatic field. 

Such an electric field surrounds every charged body; it really extends 
to infinity in all directions from the charged body, but as the force becomes 
very small as the distance is increawsed it is generally considered that the 
electric field due to a charge extends but a short distance from the charge. 
For example, the field due to a piece of charged sealing wax is negligible 
at a point a few feet distant from the wivx, so we say that the field of this 
charge extends but a few feet from the wax. On the other hand, the 
electric field produced by a large, highly charged, wireless antenna may 
extend several thousand feet from the antenna. 

Electric Fields Represented by Lines. —In diagrams the electric field 
surrounding a charge is most easily depicted 
by drawing lines from the charged body into 
the surrounding space. The direction of the 
lines, properly drawn, gives the direction of 
the electric force and the relative closeness of 
the lines in various parts of the diagram shows 
the relative strengths of the field at these 
points, the closer the lines the more intense 
the field. A line of force originating on a 
positive charge is generally shown ending on 
an equal negative charge. In diagrams it is 
not always convenient to so represent them; 
th(‘y may be shown as discontinuous. It must 
not be supposed, however, that the electric force itself is discontinuous; 
it always continues from a positive charge to a negative charge. 

Fig. 3 shows how lines may V)e used to represent the electric field; 
it shows a positively charged metal ball supposedly far enough away 
from other bodies to be considered as by itself. The lines of force origi¬ 
nate on the surface of the sphere and extend as radii in all directions. 
The arrow head on the lines indicates the direction in which a positive 
charge would be urged if placed in that part of the field. 

The lines are closest together at the surface of the sphere, indicating 
that the force is greatest at this point, a fact easily proved experimentally. 



Fig. 3. —Electric field around 
a charged, isolated sphere 
represented by radial lines. 
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Although the lines are shown as discontinuous, ending in uncharged ^pace, 
each line really extends in some direction until it encounters a negative 
charge. In the case of a metallic sphere, suspended in the air distant 
from other bodies, the lines should all be shown as ending on the earth^s 
surface as suggested in Fig. 4. Fig. 5 represents the electric field between 
two parallel metallic plates, one of 

which has been charged positively a 

and the other negatively. More- 

over, as all the lines originating on /4r\ 

the positive plate are shown as end- j V 

ing on the negative plate, it shows 

that the two plates have been given X / \ 

equal charges. The field is prop- / / \ \ 

erly shown as very intense between I I \ \ 

the two plates, weaker towards the | I \ ] 

edges, and very weak in the space- 

not directly included between the Fm- 4.— Charged body near the earth has 


two plates electric field radial near the body, 

i 1 1 i • all lines of force, however, bending over so 
The Ether.-The actual electric 

field, at any point in space, is due to 

the combination of ilu) individual fields of all the electric charges in the 
universe. Thus in Fig. 6 a negative and positive charge are shown close 
together; the electric field of each, individually, has a radial distribution, 
as indicated by the light radial lines. At any point in space the actual 
electric field, in so far as these two charges are concerned, is obtained 

by combining, vectorially, the two separate 
X radial fields. The actual field is thus con- 
structed at two points in Fig. 6. In a 
A similar manner all other charges in the 
universe could be cared for and so the 
\ actual field at any point in space de- 
Fia. 5. —Two metallic plates, close temiined. 
to one another, one charged But instead of Combining these different 
positively and the other nega- radial fields they may be kept distinct, at 

atively have an inte,.s., electric imagination, and in some 

field between the plates, and , , . , , 

weak field elsewhere. problems it is very necessary to do so, if a 

reasonable expkination is to be obtained. 

As an illustration of this statement, the magnetic field induced inside 


iniiiiiii 


to one another, one charged Bl 
positively and the other nega- radial 
atively, have an intense^ electric 
field between the plates, and , 

weak field elsewhere. probl 


a tubular conductor, carrying changing current, may be considered. 
As indicated later in the text, a magnetic field is notliing but a moving 
electric field, and so, from this concept, there can be no magnetic field 
induced inside the tubular conductor because there is no resultant electric 
field there. But if the electric fields of the individual electric charges are 
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kept in mind, and their relative directions and motions considered, it will 
be seen that there is a mag;netic field, caused by a moving electric field, 
although there is no resultant electric field there. 

Most of the phenomena such as radio waves, propagation of light, etc., 
which apparently require for their explanation an ether with impossible 
properties, can be reiisonably well pictured if we consider the ether as 
the superimposed electric fields of all the electric charges in the universe. 
The straight-line propagation of light, the e.m.f. of mutual induction 
set up at a distance from the inducing circuit, the radiation of energy 
from an accelerating electron, etc., may all be easily pictured from this 
concept of the ether. Of course it is to be remembered that building up 
a reasonable picture of a pheomenon is by no means the same as explain¬ 
ing it. 

Some applications of this concept of the ether will be given in the 
chapter on radiation; whereas, as stated above, an imaginative picture 

of the ether, even if it 
offers a reasonable con¬ 
cept of such phenomena 
as radiation and induced 
voltages, is by no means 
an explanation of the 
ether, still it is well 
worth while to the 
average reader, who 
needs all the visualiza¬ 
tion possible in studying 
radio communication. 

Closed and Open Electric Systems.—In Fig. 5 most of the electric 
field is shown directly between the plates on which the charges are situ¬ 
ated; such distribution of lines indicates a nearly closed electric system. 
The field illustrated in Fig. 4 is a comparatively open one; the dis¬ 
tinction betwe(m open and closed field is not a very sharp one, but is 
nevertheless a very important one for the radio engineer. 

Fig. 7 represents a vertical wire antenna, such as Marconi used in his 
early experiments; the electric field when the antenna is charged has the 
form shown. If the antenna is bent over in the form of an inverted L, the 
field has the form shown in Fig. 8. With the antenna in this form the 
most intense part of the electric field is evidently included directly 
between the earth^s surface and the antenna wire, so the field is a closed 
one as contrasted with that of Fig. 7, which is regarded as an open 
field. The operating characteristics of the two antennas shown are 
quite different, the difference being due to the different distribution 
of the field in the two cases. 



Fig. 6.—The electric field at any point is the vector result¬ 
ant of the separate fields produced by the two charges. 
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Induced Charges.—Suppose a charged metal ball is brought close 
to another conducting body as a metal rod, the rod being uncharged. 
Experiment shows that as the rod is brought into proximity of the brass 
ball the rod itself becomes charged in a peculiar way. If the ball is positively 
charged that end of the rod nearer to it becomes charged negatively and 
the farther end becomes positively charged as indicated in Fig. 9. As a 
whole the rod is not charged, there being as much negative charge as 
there is positive charge. 

These charges which 
have been produced on 
parts of the rod through 
the action of the charged 
ball are called induced 
charges. 

Charges induced on 
a body are al waysdouble 
in kind; as much posi¬ 
tive charge app)ears as Fia. 7.—The electric field around a charged vertical wire, 

does negative. How¬ 
ever, if in Fig. 9 a wire having one end connected to the earth is touched to 
the end of the rod marked C, the positive charge which has been induced 
at this end of the rod will run off to the earth,in the words of the 
ordinary text book on physics, and when the wire is removed there will 
be left on the rod only the negative charge. 

Bound and Free Charges.—In the case considered above the 
positive charge runs off to the earth because there is no force tending 

to hold it on the rod; 
on the contrary, it is 
being repelled by the 
positive charge on the 
ball. The negative 
charge at B is held from 
running off to earth by 
Fig. 8.—The electric field around an ordinary antenna. attractive force of 

the positive charge on 

the ball. The negative charge on the rod is called a bound charge and 
the positive charge, which runs away if given the opportunity, is called 
a free charge. 

An illustration of the way in which this method of producing 
charges is useful in radio circuits is shown in Fig. 10. The charge on 
ball A is to produce a charge of the opposite kind on the conductor F 
through the two condensers BC and DE, When A comes in contact 
with B, this becomes positively charged, A negative charge appears 
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at C due to the inducing action of B. An equal positive charge must 
appear at D and this must induce a negative charge on E. But if a nega¬ 
tive charge appears at E there must be an equal positive charge induced 
on F. If now the conductor F is connected to the ground this positive 
charge will run off to earth and there will be left on the conductor EF 
a negative charge. 

Now the ground connection to the conductor F is removed; if then B 
is grounded (connected to earth), a part of its positive charge will run 



Fig. 9.—A charged body inducing charges on a rnetal rod. 
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off, thus releasing part of the negative charge on C to neutralize part of 
the positive charge in D. But if the positive charge on D is diminished, 
some of the bound negative charge in E will be released and so will spread 
out over the conductor EF. Thus a negative charge has been produced 
on F even though the action had to take place through two perfectly insu¬ 
lated condensers BC and DE. How much negative charge is thus pro¬ 
duced on F depends upon the capac¬ 
ity of plate F to ground compared 
to that of plate B to ground. 

Induced Charges from the Elec¬ 
tron Viewpoint.—As will be ex¬ 
plained later, the electrons in a 
metallic conductor are more or less 
free to pass from one atom of the 
substance to another; they are continually moving around the complex 
molecular structure of atoms comprising tlu^ metal. When the rod of 
Fig. 9 is brought into the neighborhood of the charged ball the electric 
field due to the charge on the ball acts on the free electrons of the rod, 
attracting them. Hence the free electrons of the rod tend to congre¬ 
gate at that end of the rod which is nearest to the ball; they constitute 
the negative charge at this end of the rod. 

But if the rod was uncharged before coming into the influence of the 
charged ball there must be just enough electrons on it to neutralize the 
positive charges of the atoms. If more than a proper portion of the elec¬ 
trons gather at one end of the rod there must necessarily be a shortage of 


Fig. 10.—A charged body inducing charge.s 
on conductor F, acting through two con¬ 
densers. 
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them at the other end. This shortage of electrons at the end C of the rod 
constitutes the positive charge at this end. 

When the end C is grounded, the positive atoms of the rod cannot 
leave the rod and go into the earth, but electrons from the earth can run 
up into the rod and they do so, being attracted by the deficient atoms at 
C. These electrons from the earth appear in sufficient quantity to make 
the atoms at C neutral. When the wire connecting the rod to the earth 
is removed and the charged ])all is also removed the rod has on it a free 
negative charge, the (luantity of charge being equal to the number of 
electrons which came from the earth into the rod. 

An Essential Difference between Positive and Negative Charge. —As 
before stated, the electrons from all substances are the same; the elec¬ 
trons have none of these (qualities by which we distinguish and classify 
matter. It is possible to have electrons in space entirely devoid of matter; 
a negative charge can exist in a perfi^ct vacuum. 

The question may be raised—How can it be a perfect vacuum if there 
are electrons prcwsent? By a vacuum we mean a space in which there is 
no material substance, solids which can be bodily removed, liquids which 
can be poured out, or gases which can be pumped out. A glass vessel 
which has been evacuat('d as perfectly as modern pumping methods can 
accomplish may never! iieless be filled with millions of electrons. 

From our present conception of matter the positive charge is always 
associated with the nucleus, a group of positive and negative electrons. 
When an electron is taken away from an atom of o.xygen, for example, 
what is left of the oxygen still reacts chemically as oxygen. It is, to be 
sure, charged (or ionized) oxygen, but this group of positive and negative 
electrons still has the properties of oxygen in spite of the fact that one 
electron has been taken away. But the electron which has been taken 
away shows none of the characteristics of oxygen whatsoever. 

Thus positive charge is always associated with what we call matter; 
a nucleus with at least part of its ordinary complement of encircling 
electrons is always present where there is matter. To the same extent, 
for example, as we can show the existence of positive charge inside a 
vacuum tube, we know that to just that same extent, the gas which has 
.Supposedly been removed by the evacuation process is still present. 

The Electric Current. —The electric current is more familiar to every¬ 
one than the electric charge. The current manifests itself in various 
ways, by generating heat and light, by producing mechanical forces such 
as those required to ring a doorbell or pull a subway train, by producing 
chemical changes such as occur in the production of aluminum, or electro¬ 
plating, by producing death if it flows through a living organism with 
sufficient intensity, etc. 

Older conceptions of the electric current made it a peculiar fluid of 
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some kind, others made it consist of two fluids with different properties. 
From the electron standpoint the conception of the electric current is 
easy to comprehend and enables one to give a fairly logical explanation 
of the various actions of the current. 

Nature of the Electric Current. An Electron in Motion Constitvies 
an Electric Current .—The amount of electricity on one electron is so small 
that the current produced by one electron in motion would not be detect¬ 
able by the finest current-measuring instrument, even the most sensitive. 
To produce currents of the magnitude occurring in every-day experience 
requires the motion of electrons measured in billions of billions per second. 

An ordinary incandescent lamp requires a current of about 1 amp)ere; 
such a current requires that about 10^^ electrons flow past any point in 
the circuit each second. This large number per second might be brought 
about by a comparatively few electrons moving rapidly or by a great 
many moving more slowly. Contrary to what one would naturally think, 
the progressive movement of the electrons is very slow. To produce a cur¬ 
rent of 1 ampere in a copper wire 1 mm. in diameter requires that the average 
velocity of the electrons be only about 0.001 cm. per second, if we accept 
the assumption that there are as many free electrons in the copper as there 
are atoms. 

Although the progressive motion of the electrons is very slow, as 
indicated above, it must not be thought that the actual velocity of the 
electrons is small. If we assume the equipartition of energy idea of 
thermodynamics and thus calculate the average velocity of the electrons 
in a copper wire, at ordinary temperature, we obtain a result of about 
6X10® cm. per second. That is, even when no current is flowing in the 
wire the electrons have a haphazard motion, due to the thermal agitation 
of the atoms (or molecules), which gives them, on the average, a velocity 
of about 35 miles per second. 

Now when current flows the required progressive velocity of the 
electrons is only a fraction of a centimeter per second; with a current 
so large that the copper wire is heated to the melting-point the velocity 
of drift of the electrons is less than 1 cm. per second. Thus an accurate 
concept of the electric current in a conductor shows it to be an inappreciable 
“ drift of the electrons which have, due to temperature effects, hetero¬ 
geneous velocities millions of times as great as the velocity of drift. 

The reason for the slow progressive motion of the electrons is to be seen 
in the tremendous number of collisions they have with the molecules of the 
substance. A given electron, acted upon by the potential gradient in 
the wire carrying current, accelerates very rapidly and would acquire 
tremendous velocities if it did not continually collide with the more massive 
molecules. One reason is that the mean free path of the free electrons 
in a copper wire is so small that, between successive collisions, the electron 
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falls through a very small potential difference and hence gains a velocity 
(along the conductor) due to the current, which is extremely small. 

It might seem that the electrons would gain considerable net velocity 
along the conductor, in spite of the numerous collisions with atoms, but 
such is not the fact. The mass of an atom or molecule is many thousand 
times as great as that of an electron; in copper, for example the mass of 
the molecule is about one hundred thousand times as much as that of 
the electron. When a collision occurs therefore between an electron and 
a copper atom, the electron rebounds from the atom with practically the 
same velocity as that with which it approached the atom. 

Suppose that we wanted to measure the rate of flow of people past a 
given point in a large city; the unit of flow might be 100,000 persons per 
hour. At any time there will be people going in all directions, some 
uptown, some downtown, and some crosstown. In the morning a million 
people pass a certain point where the flow is to be ascertained. If 200,000 
move in the uptown direction and 800,000 move downtown, the net flow 
is 600,000 people. If this number of people pass in 1 hour the flow is 
6 units downtown. At noon time again a million people pass the same 
place let us suppose; 400,000 move uptown, 400,000 move downtown 
and 150,000 move crosstown west and 50,000 move crosstown east. The 
net flow is now 100,000 people west and if this number pass in one hour the 
flow is one unit west. Some of the people would be moving rapidly and 
others going more slowly and some might, at times, be standing still. 

The picture suggested by the above traffic analysis probably gives one 
a reasonable idea of the motion of electrons in a conductor carrying current; 
it is of course too simple, because of the immense number of electrons in a 
conductor and the tremendous number of collisions occurring between 
the electrons. When a conductor is carrying no current the motion of 
the electrons resembles that of the individuals in a stationary crowd; 
there is a deal of agitation among the electrons, but they, on the whole, 
show no progress along the conductor. 

Electromotive Force.—Suppose a copper rod, having in itself the 
heterogeneously moving electrons suggested above, is connected at its 
two ends to a battery as shown in Fig. 11. The end A of the rod becomes 
positive with respect to end B and the electrons, instead of moving 
backwards and forwards to the same extent, progress slowly towards A. 
When they arrive at A they leave the copper rod, move down the 
connecting wire, through the battery, through the other connecting 
wire, and so back to the rod. As long as the circuit remains closed 
as shown the electrons will continue to move around the circuit, bound¬ 
ing backward, forward, and across the conductor, but on the whole 
progressing gradually around the circuit; this progression of the electrons 
constitutes the electric current. The cause of the flow is the battery; it 
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Direction of Electron Drift 


Battery 

-Electric current caused by flow of free electrons. 


holds one end of the rod positive with respect to the other and so main¬ 
tains the flow of electrons. The maintenance of this difference of electric 
pressure (or difference of potential) across the rod is due to chemical 
changes going on inside the battery. 

A piece of apparatus which has the ability to maintain one of its ter¬ 
minals at a higher potential than the other, even though current is allowed 

to flow through it, is 
A-B to develop an 

e © ©©<=)© 1 r A 

® ^ e e electromotive force. As 

- \ sources of electromotive 

Direction of Electron Drift I r r xi_ j x- 

I force for the production 
of currents on a com- 
I mercial scale we have 

Battery at present only the bat- 

Fig. 11.— Electric current caused by flow of free electrons, tory and the electric 

generator. The bat¬ 
tery depends upon chemical action for maintaining its difference of 
potential and the generator depends upon the conductors of its armature 
being driven through the magnetic field produced by its field poles. 

Electromotive Force Due to Thermal Agitation.—AVe have mentioned 
previously that the molecules and electrons composing a metal are in a 
state of continual motion, due to what is called thermal agitation. Unless 
the metal is at absolute zero tempf^rature this haphazard motion e.xists, 
being greater the higher the temperature. 

Now if one pictures the electrons in a short 9 ° o o o o o o ^ 
piece of wire, let us say, being bumped back and 

forth by the molecules, it seems reasonable to sup- fo'cT^- o oq o ' o ' o | 

pose that at ceriain times there may be more than |o q o°o q o o 

the average number of electrons at one end or the pig. i2.--Thermalagita- 
other. The idea is simply depicted in Fig. 12. In tion of electrons, re¬ 
diagram a the electrons are shown uniformly dis- suiting in haphazard 

tributed throughout the length of the wire; they chanKes in the electron 

arc in violent motion (thermal agitation), and the a'*voltaKe"'!n'*a'^'con- 

picture shows their distribution at a certain instant. ductor. 

Now an instant later this distribution might be 

changed to that shown in diagram b; extra electrons have accidentally 
been bumped toward the right end of the wire, so there are now four 
at the right end. Of course this'means that there is probably a deficiency 
of electrons at the lower end, at this instant. 

With normal electron distribution (same number of electrons per cubic 
millimeter as there are positively charged molecules), there is no difference 
of potential between one part of the wire and another, but with the 
uneven distribution shown in diagram b the right end of the wire is 


OoQoOooO Oq 

b °o o o o ooo| ^ 

OOo^ OoQoOo 

Qo O Qo O o 

Fig. 12. —Thermal agita¬ 
tion of electrons, re¬ 
sulting in haphazard 
changes in the electron 
distribution, generates 
a voltage in a con¬ 
ductor. 
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negative with respect to the left end which is positive. In other words, 
the thermal agitation of the electrons and molecules has resulted in the 
production of a potential difference between the two ends of the wire. 

Now during a succeeding instant it will happen that excess electrons 
appear at the left end of the wire, thus reversing the potential distribution 
from what it has in diagram h. As the clouds of electrons gyrate back and 
forth in the wire there will result a varying voltage ^ 

across its terminals, the thermal voltage of the wire. 

Johnson has investigated this possible source of 
voltage and reports^ that there is such an effect and __ 


that it is expressible by the relation 

q 



□ 

11 

. . (1) 

A 

B 

C 


Fia. 13.—Light rays 
may cause the 
emission of elec¬ 
trons from certain 
surfaces; thus light 
energy generates 
directly an electro¬ 
motive force. 


in which V represents the integrated value of voltage 
for all frequencies in the audible spectrum, li is the 
resistance of the wire, and W is a constant depending 
upon the temperature and is about 1X10“‘^ watt at 
room temperature. If the wire has a resistance of say 
0.5 megohm, calculation gives a voltage of about 7 
microvolts. This volt age has no definite frequency but 
represents voltages distributed at freciuencies from zero to 10,000 cycles 
per second. This thermal voltage produces the same power output from 
an audio-fre(|uency amplifier as would a signal of 7 microvolts of some 
definite frequency in the audible range. 

This thermal voltage sometimes results in noise from an amplifier 
designed for high gain; it gives the kind of noise that a radio operator calls 
“ slush.At the present time this voltage is not applied to any useful 
purpose; on the contrary, it often gives trouble in some forms of apparatus. 

Electromotive Force Due to Light.—If light shines through certain 
translucent substances onto a metallic surface it appears that the impinging 
light energy can pull electrons out of the metal and thus actually set up a 
voltage depending for its magnitude upon the intensity of the light. The 
idea is illustrated conventionally in Fig. 13. The iron dvsc A is coated 
with a compound B (iron selenide has been used) which itself is coated 
with a thin translucent metal film C, A galvanometer connected between 
disc A and film C will give reading varying with the light intensity. There is 
no battery or other source of energy in the circuit. The voltage produced 
is of course small, being generally only a few millivolts. It seems that in this 
piece of apparatus the light energ}^ is actually changed directly into electrical 
energy. At this time there are but scant experimental data on the operation 
of the device; a minute motor has been run from its power, however. 

1 Physical Review, July, 1928. 
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Electromotive Force and Difference of Potential. —It is well to dis¬ 
tinguish between electromotive force and difference of potential. Thus 
two brass balls, one charged positively and the other negatively, have a 
difference of potential between them and they will, if connected by a wire, 
cause a momentary flow of current through the connecting wire; when 
sufficient electrons have passed from the negatively charged ball to neu¬ 
tralize the positive charge on the other the current will cease. There 
is no action taking place which tends to maintain the difference of potential 
between the two balls; such a combination does not generate an electro¬ 
motive force (hereafter abbreviated e.m.f.). 

In the case of the battery or generator, however, when the two ter¬ 
minals are connected by a wire a current flows and continues to flow until 
the battery is worn out or the generator is stopped; such devices develop 
or generate an e.m.f. These ideas are depicted in Fig. 14. 


Current Mai ntained, 


Fig. 14.—Illustrating difference between electromotive force and potential difference. 

Direction of Flow of Current— It has been accepted as convention 
that in a wire connecting the poles of a battery the current flow is from 
the positive pole of the battery to the negative. But by reference to Fig. 
11 it is evident that in the connecting wire the electrons flow from the 
negative pole of the battery to the positive. Hence it must be remembered 
that although we shall talk of the current flowing from the positive terminal 
to the negative terminal of a battery or generator, the electrons (which 
really are the current) are flowing in the opposite direction. In dealing 
with currents through vacua the motion of the ek^ctrons themselves is 
generally had in mind and we often say that the electron current flows 
from the negative to the positive terminal of the vacuum tube. Although 
this sounds anomalous it is a correct statement of the facts. 

Conductors and Insulators. —Roughly speaking, a conductor is a body 
which readily permits the passage of an electric current and an insulator 
is a body which offers a very high resistance to the passage of the current. 
There is no sharp distinction between conductors and insulators, how¬ 
ever; a material which for some cases would be regarded as an insulator 
would, in other circumstances, be regarded as a conductor. Also a sub¬ 
stance which is a good insulator at low temperatures may be a fair con¬ 
ductor at high temperatures. 
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Glass is the most striking illustration of this change of character with 
change of temperature; at ordinary temperature it ranks high with the 
very best insulators, but if it is heated in some way to a red heat it becomes a 
fair conductor and will permit the passage of enough current to melt itself. 

Difference between Conductors and Insulators from the Electron 
Viewpoint. —When a conductor is carrying an electric current the elec¬ 
trons throughout the substance of the conductor are moving gradually 
along through the substance of the conductor. Now in a solid body, 
such as a metallic conductor, the atoms or molecules comprising the sub¬ 
stance are practically fixed in position. They are not actually stationary 
in space at ordinary temperature of course; as a matter of fact the atoms 
have an irregular to-and-fro motion similar to that of the electron. But 
there cannot be a progressive motion of the atoms as there may he of the electrons. 
The reason for this is more or less evident. Suppose a copper wire is 
fastened to the terminals of a battery and that current is flowing as indi¬ 
cated in Fig. 11. The electrons move all the way around the circuit 
through the wire, connections, solution in the battery, etc. 

As the atoms of copper are charged positively after an electron has 
left them it might seem that as the electrons move from 5 to A through 
the wire the atoms would move from A to then into and through the 
battery and so back to the wire. But the atoms are the real substance 
of the wire, and hence if the atoms should progress one way or the other 
it would result in the copper itself being carried from one end of the wire 
to the other and then through the battery. This state of affairs is not 
possible in solid bodies like metals, it would result in the mixing of metals 
wherever a current left one metal and went into another. 

In chemical solutions, e.g., copper sulphate in water, the salt mole¬ 
cule breaks up into two parts, one of which has one electron more than 
its proper number, the other part lacking one electron. The two parts 
of the molecule are called ions] the metallic ion (in above case, copper) 
lacks one electron and so is charged positively. If now a current is passed 
through such a solution the metallic ion does move through the solution 
and is carried from the solution to one of the wires by which the current 
is led into the solution. Here copper itself is transported by the current 
and we have the process of electroplating. 

From what has been said it follows that if the molecules of a body 
cling to the electrons so tightly that none of them are free to move away 
from the molecule, there can be no current in such a substance. As long 
as the molecule keeps all its electrons it remains electrically neutral, and 
so has no tendency to move when in an electric field. This is the essential 
difference between insulators and conductors; in the one the electrons 
cannot move from the atom or molecule and in the other the electrons are 
perfectly free to leave the atom. 
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Disruptive Strength of an Insulator. —With the above idea in mind 
the possibility of breakdown of an insulator, due to high voltage, becomes 
apparent. For low voltage the force tending to move the electron is 
not sufficient to break it loose from its atom. But it is reasonable to 
believe that, if the voltage gradient is made sufficiently high, any atom 
can be forced to let go of one electron, and such is the case. Such fine 
insulators as glass and mica break down and carry current when a great 
enough voltage is employed. 

When the molecules of even a good insulator are acted upon by an 
electric field, there is a motion of the electrons due to this field, even 

though there is no continuous 
flow of electrons as in a con¬ 
ductor. When no electric 
field acts on the molecule, 
the electrons have a certain 
nonnal position with respect 
to the nucleus as suggested 
in a of Fig. 15, but when 
the molecule is placed in an 
electric field the electrons try 
to move and do so for an 
instant, until the elastic force 
of the nucleus tending to 
pull them back to their nor¬ 
mal configuration is just equal to that exerted by the externally applied 
electric field. 

Thus we may say that the molecule of an insulator, placed in an 
electric field, is distorted, the amount of distortion dejKmding upon the 
electrical rigidity of the molecule and the intensity of the impressed field. 
If the impressed field is too strong, one of the electrons pulls free from the 
molecule, moves through the substance of the insulator, which thus 
carries current and so is partially “ broken down.^’ Actually if only 
a few of the insulator's molecules do thus release one electron each, 
the insulator is likely to break down completely at once and become a 
conductor; the freed electrons bumping into other severely strained mole¬ 
cules knock other electrons loose and this cumulative effect results in 
complete disintegration of the insulator at the point where the breakdown 
occurs. 

Effect of Temperature on the Disruptive Strength of an Insulator.— 

Imagine a good insulator heated by some outside source of power. The 
rise in temperature increases the to-and-fro motion of its molecules with 
the result that the collisions between the various molecules become more 
frequent and violent as the temperature is raised. As these collisions 


No electric field 
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Fig. 15.—In an insulating material the electrons 
are not free to leave the atom, but an electric 
field distorts such an atom, causing the electrons 
to move one way and the internal positive charge 
the other way. 
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occur the resulting disturbances in the molecular structure tend to weaken 
the hold of the molecule on its electrons. Hence if an electric force 
impressed and maintained as an insulator is heated, the combination of 
electric force and weakening of the molecular holding power will result in 
some electrons leaving their molecules; the electric force then urges them 
along through the substance of the insulator with the result that a small 
current flows. This would be interpreted by the man testing the insu¬ 
lator as a weakening of the insulating power of the substance. 

Generally the partial breakdown of an insulator as described above 
is rapidly followed by the giving away of the insulator completely; as 
current, even though small, flows through the insulator it generates more 
heat, thus still further decreasing the disruptive strength. 

This effect of temperature upon the disruptive strength of an insulator 
is very important to the radio engineer. A glass or mica condenser, prop¬ 
erly designed ter operate in a radio circuit at 15,000 volts may, by improper 
use, be broken down when operating at only 5000 volts. Condensers 
heat up, when being used, due to various causes; in normal operation 
the condenser may be excited only a small fraction of the time as the sending 
key is oprmed and closed. Tn the intervals when the key is open the 
cause of the heating is removed and the condenser has a chance to cool 
off; this alternate heating and cooling results in a certain mean tempera¬ 
ture at which temp(‘raturc the condenser has suflBcient disruptive strength 
to withstand the voltage employed. 

If now the normal o|X'rating voltage is put on the condenser and 
maintained continuously, the heating action is much greater than when 
the voltage is applied intermittently (normal operation) and in a short 
time the dielectric is likely to puncture. Condensers which are designed 
for operation at a certain voltage with spark telegraphy (intermittent 
excitation) will nearly always fail if operated at the same voltage for 
undamped wave signaling (continuous excitation). 

Resistance. —In a conductor where the electrons are free to leave the 
atom their progressive motion is hindered by collisions with the atoms 
of the substance. This hindrance to their free progress constitutes the 
electrical resistance of the conductor. It differs, as might well be expected, 
in different metals, and it varies with the temperature. As the temper¬ 
ature of a metal increases, the agitation of its atoms or molecules increases, 
and this results in more hindrance to the progressive motion of the 
electrons because of the more frequent collisions between the electrons and 
the atoms. 

The increase in number of collisions between the electrons and atoms 
with increase in the flow of electrons (more current) gives the atoms 
themselves an increased agitation, which really means a higher temper¬ 
ature; this accounts for the well-known fact that when a conductor 
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carries current it always heats to some extent and heats more with large 
than with small currents. 

Continuous Current and Alternating Current.—If the electrons in a 
conductor continually progress in the same direction, the flow is called 
a continuous current^ or direct current Such is the current supplied by 
an ordinary battery. 

If the battery is connected to the conductor first in one direction 
and then in the reversed direction, by some sort of a commutator, Fig. 
16, the progressive motion of the electrons will reverse with every reversal 
of the battery connection. If this reversal of flow takes place at regular, 
short periods of time the alternate ebb and flow of the electrons constitute 
an alternating current. In ordinary" power circuits supplied with alternating 
current this reversal takes place about 100 times per second; the alternating 



Fig. 16.—A batter}" in combination with Fig, 17.—The lamp may burn even though 
a rotating commutator may produce an there is a perfect insulator in series with 
alternating current. the circuit. 

currents used in radio circuits reverse much more rapidly, perhaps sev¬ 
eral million times per second. 

Possibility of Alternating Current Flowing in a Circuit in Series with 
Which There is a Perfect Insulator.—Suppose a circuit connected as indi¬ 
cated in Fig. 17; is a source of alternating e.m.f. and A consists of two 
metal plates separated by paraffined paper or mica. The disruptive 
strength of the insulator is such that for any voltage that B can give tne 
insulation is perfect. A small incandescent lamp is inserted in the cir¬ 
cuit to detect the current which may be flowing. The lamp will bum 
as soon as machine B is excited. Now if the lamp and condenser (the 
combination of two conducting plates and separating insulator) is con¬ 
nected to a battery which gives about the same voltage as machine B 
gives, the lamp will not bum, showing that there is no current in the 
circuit. Hence this circuit which is open for continuous current (i.e., 
it will not pass current) does permit the flow of alternating current. 

The alternating current is possible because of the number of electrons 
required to charge the condenser. As the voltage of the alternator reverses 
in direction the condenser charges first in one direction and then in the 
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other; this alternating charge and discharge requires the alternating flow 
of electrons throughout the whole circuit. 

This flow, it is to be noted, is made possible by the distortion of the 
molecules of the insulator in the electric field between the two plates of 
the condenser. If the molecules of the insulator were perfectly rigid, so 
that the effect noted in Fig. 15 could not take place, the insulator would 
permit no alternating current to flow. 

Of course we know that even though the insulated plates, constituting 
the condenser, are placed in a vacuum (so that there are no molecules 
of insulator between them), some current would still flow through the 
lamp of Fig. 17. The flow would be only a fractional part of what it 
would be if glass, mica, etc., were used, but still there would be some cur¬ 
rent. This current is really due to the compressibility of the electrons in 
the conductor of which the circuit is composed; when the electromotive 
force of the alternator reverses direction, a slight to-and-fro surging of the 
electrons in the circuit conductor occurs, even though there is no possible 
movement of electrons in the space between the condenser plates. 

In such a circuit as that of Fig. 17 the average to-and-fro motion 
of the electrons in the circuit conductor is to be measured in millionths 
of one centimeter or lesSj depending upon the frequency of the current and 
capacity of the conductor used. 

A simple analog\' to the flow of alternating current in the circuit of 
Fig. 17 is shown in Fig. 18. Suppose a cylindrical chamber A, divided 
in the middle by a thin rubber 
diaphragm 5, connected to a 
reciprocating action, valveless, 
pump C. As the pump works 
back and forth, water will 
circulate back and forth in 
the connecting pipes, consti¬ 
tuting an a.c. flow of water. 

The diaphragm B will bend 
first in one direction and t hen 
in the other as the water re¬ 
verses its flow. 

Now suppose that a centrifugal-action pump be substituted for the 
reciprocating pump (Fig. 19). This type of pump tends to force water 
always in the same direction. If the pump is so connected as to force 
water into the bottom of A and suck it out of the top of A, the flow of 
water will last long enough to stretch the diaphragm into some such 
position as i?', and then the flow will cease. At this position of the dia¬ 
phragm the backward pressure of the stretched rubber will be just great 
enough to balance the pressure generated by the pump. In this water 



Flu. 18.—Hydraulic analogue of an alternating- 
current circuit containing a condenser. 
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system the water would flow while the diaphragm was being displaced 
from its normal central position to position and then the flow would 

cease because the pump would 
not be able to further displace the 
diaphragm. 

The water system corresponds 
very closely to tiie electrical cir¬ 
cuit having a condenser in series 
with it and excited by a contin¬ 
uous e.m.f.; in such a circuit the 
current flows long enough to 
charge the condenser to such an 
extent that its back pressure 
(pressure tending to discharge 
the condenser) is just equal to the impressed e.m.f. and then the current 
ceases. It is to be remembered, however, that if the pressure is alternat¬ 
ing there will be a flow in the system all the time, the current being an 
alternating one. 

In electric circuits, therefore, it is possible to send an alternating 
current through a circuit in which continuous current cannot flow. Such 
use of a condenser occurs frequently in radio; the condenser so used is 
called a stopping or ‘‘ blocking condenser. 

The Electric Generator. —l^xcept for very small sets and emergency 
outfits the power for a radio set is obtained from a generator of either 
the continuous or alternating-current type. The c.c. generator is ecjuipped 
with a commutator and supplies a continuous e.m.f.; that is, the e.m.f. 
impressed on the connected circuit is always in the same direction and 
practically constant in value. There are slight pulsations in the value 
of the voltage, [perhaps a fraction of 1 per cent, at the frequency of com¬ 
mutation; this frequency is in the neighborhood of 1000 cycles per second. 
Although these pulsations are so small, they have a deal of importance in 
certain radio sets using vacuum tubes for the generation of high-frequency 
currents. 

The a.c. generator (or simply alternator) has no commutator, but 
generally has slip rings on which its brushes mak(' contact. The e.m.f. 
furnished by such a machine alternates in direction many times per second; 
for spark radio sets the generators ordinarily employed give several hundred 
complete reversals of voltage per second. 

The number of complete reversals per second is called the frequency of 
the generator; thus a 500-cycle generator is one giving 500 complete 
reversals of e.m.f. per second. 

Wave Shape and Effective Values. —The form of voltage wave 
generated by a well-designed alternator is such that it can closely 



Fig. 19.—Hydraulic analogue of a direct- 
current circuit containine: a condenser. 
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represented by a sine curve as shown in Fig. 20. Expressed in the form 
of an equation, 

c = sin oj .(2) 

where 


c = the value of voltage at any instant of time; 

Em^the maximum value of the voltage generated; 

0 ) = 27r/, / being the frequency of the voltage. 

The same units are used for measuring alternating voltage and cur¬ 
rent as are used for continuous voltage and current. But as the voltage 
and current of an a.c. 
circuit are continually 
changing in value and 
reversing in direction, 
some value interm(‘(li- 
ate to the maximum 
and minimum value 
must be chosen as the 
unit. It is shown in 
all elementary t('xts on 
alternating currents 
that when the current 
flows according to the 
law of a sine curve the aUernating current nill 'produce heat at the same 
rate as 1 ampere continuous current if the maximum value of the alternating 
current is 1 .J^l amperes. 

To get the value of that continuous current which will give the same 
heating effect as a c(Mlain alternating current, therefore, we take 0.707 
of the maximum value of the alternating current. That value of con¬ 
tinuous current which will produce the same heating effect as the alter¬ 
nating current in question is called the effective value of the alternating 
current. It is approximately 0.7 of the maximum value. 

In the same way the effective value of an alternating e.m.f. (sine 
wave shape assumed) is 0.707 of its maximum value. Thus, if a sine wave 
of voltage has a maximum value of 141 volts its effective value (or equiva¬ 
lent continuous voltage as far as producing the current, which causes 
heating, is concerned) is 100 volts. 

Magnetic Field. —The action of the magnet is familiar to everyone. 
If a piece of iron is placed in the vicinity of the magnet a force of attrac¬ 
tion is set up between the two and the piece of iron will, if free to move, 
be drawn to the magnet. 

All the region surrounding a magnet, in which the magnet is able to 



Form of alternating emf. 

Fig. 20.—Sine wave of e.m.f. 
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exert a force on pieces of magnetic material, is said to be filled with the 
field of the magnet. Thus the magnetic field is exactly analogous to the 
electric field surrounding an electrically charged body. 

The magnetic field is represented by lines in just the same way as 
the electric field; the direction of the lines indicates the way in which 
the north pole of a compass would be urged if placed at that point of 
the field, and the proximity of the lines to each other serves to show the 
relative intensity of the magnetic force at various points of the field. 

Magnetic Field Set Up by an Electric Current. —The field of the per¬ 
manent steel magnet is interesting historically, but it plays very little 
part in the electrical engineering of to-day. When an electric current 
flows through a conductor a magnetic field is set up around that con¬ 
ductor; such a field is frequently called an electromagnetic field. The 
magnetic fields used in modern apparatus are.practically all of this type. 

The strength of a magnetic field set up by an electric current depends 
upon the strength of the current, in general being directly proportional 
to the current strength. The direct proportionality holds good for mag¬ 
netic fields without iron; use of iron in the magnetic circuit makes the 
relation between current and strength of field a complex one. 

Ampere-Tums. —When the magnetic field is produced by a coil of 
several turns, its intensity is much greater than if only one turn were 
used. The magnetizing effect of a current depends not only on the strength 
of current, but also on the number of turns through which the current 
flows. In fact the magnetizing effect of a coil is pr()[X)rtional to the product 
of the current strength and the number of turns in the coil; this product 
is called the ampere-tnrms of the coil. If a coil consists of one turn and 
is carrying a current of one ampere it has one amp('re-tiirn; a coil of twenty 



turns tttrrying 2.7 amperes 
has fifty-four amptu'e-turns. 

Direction of the Magnetic 
Field Produced by a Cur¬ 
rent. —The direction of mag¬ 
netic field around a con¬ 
ductor carrying a current 
may be easily determined by 
the application of the follow¬ 
ing rule. Imagine the con¬ 
ductor grasped in the right 
hand, fingers around the con¬ 
ductor, with the extended 


thumb pointing along the conductor in the direction in which the current 


is flowing; the fingers then point in the direction of the magnetic field. 


This is illustrated in Fig. 21. It is to be remembered that this rule assumes 
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the commonly accepted direction of flow of current; in Fig. 21 the electrons 
are flowing in the opposite direction to that marked current. 

It follows at once from the rule given above the direction of mag¬ 
netic field reverses when the current reverses. If an alternating current 
is passed through a wire or coil the magnetic field produced will also be 
an alternating one, having the same frequency as the current, and revers¬ 
ing simultaneously with the current} 

Iron in the Magnetic Field.—In most electrical apparatus depending 
on the magnetic field for its operation the field is produced by currents 
flowing in coils. But the coils are usually fitted with iron cores so that 
the magnetic circuit consists partly of iron and partly of air. The reason 
for the use of iron in magnetic fields of electrical devices lies in its high 
permeability, i.e., the relatively high flux density produced by a given 
coil in iron compared to what it would produce if only air were used in 
the magnetic circuit. 

The magnetic permeability of a substance is the ratio of the flux den¬ 
sity produced in this substance by a certain magnetomotive force (mag¬ 
netizing force) compared to the flux density the same magnetomotive 
force would produce in air. 

For most substances the permeability has a value of unity; nickel, 
cobalt, and iron are the notable exceptions. Of these three iron is by 
all means the most important, not alone because of its comparative cheap¬ 
ness (and hence utility for electrical apparatus), but because of the high 
value of the permeability. For good magnetic iron it may be as high as 
several thousand; that is, if a given coil produces 500 lines of flux with 
a magnetic path of air, it will produce perhaps a million lines of flux if 
iron is used for the whole magnetic circuit. 

When the magnetic circuit of a device is made up partly of air and 
partly of iron, the flux produced by a given coil is intermediate to that 
which would be produced in a complete iron path, and that which would 
be produced in a complete air path. The shorter the part of the path 
through air compared to that through iron the higher will be the flux 
set up. The penneability of iron varies greatly with the treatment it 
received during manufacture; also for a given specimen it varies greatly 
with the magnetizing force used. This point will be taken up in more 
detail in the next chapter, under the head of self-induction and its variations. 

Units of Current, E.M.F., Resistance, etc.—The unit of current is the 
ampere; it is that flow of electrons which will deposit 1.118 milligrams 
of silver per second from a silver nitrate solution in a standard voltameter. 

The unit of e.m.f. is the volt; it is generally defined in terms of the 

* This statement is strictly accurate only for the magnetic field in the immediate 
neighborhood of the conductor; for more distant points the magnetic field reverses 
somewhat later than the current. This idea is taken up in more detail in Chap. IX. 
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voltage of a standard Weston cell, which gives an e.m.f. of 1.0183 volts. 
The volt is therefore defined as 1.0000/1.0183 of the voltage generated 
by a standard Weston cell. 

The unit of resistance is the ohm; it is really defined already ^ when 
the ampere and the volt have been defined because the three units are 
directly connected by Ohm^s law. However, it is also defined as the 
resistance of a column of pure mercury weighing 14.4521 grams at 0° 
Centigrade and having a height of 106.3 cm., the cross-section being 
uniform. 

The unit of quantity is the coulomb; it is the quantity of electricity 
transported by a current of 1 ampere flowing for 1 second. Another 
way of defining it is in tenns of electrons; it is the amount of electricity 
contained on 6.28X10^^ electrons. 

The unit of work is the joule; - it is the ;imount of energy rocpiired to 
transport 1 coulomb of electricity through an opposing potential dif¬ 
ference of 1 volt. It is also the amount of work done in 1 second by a 
current of 1 ampere flowing against a pressure of 1 volt. 

The unit of power is the watt; it is the rate at which work is done 
by a current of 1 ampere flowing against a pressure of 1 volt. It is there¬ 
fore a rate of work equal to 1 joule per second. 

Resistance of a Conductor. —The resistance of a circuit depends first 
of all on the kind of material used in making up the circuit; it depends 
upon the length of conductor used in making the circuit and upon the 
cross-sectional area of the conductor. This relation may he expressed by 
the equation, 

.(3) 

where p = the specific resistance of the material us(m1; 

^ = the length of the conductor ; 
a = the cross-sectional area of the conductor. 

When the length of the conductor is 1 cm. and the area is 1 sq. cm. 
the value of R is the specific resistance per centimeter cubed, and when the 
conductor has a length of 1 foot and an area of I circular mil the value of R 
is the specific resistance per mil-foot. In engineering the latter specifica¬ 
tion is more frequently used. 

The specific resistance of some of tlie more common conductors is 
given in the accompanying table: 

'The ohm and the ampere are really the two fundamental units of the practical 
system. See “American Handbook for Electrical Engineers.” 

*For small quantities of energy Rutherford htis suggested the “electron-volt” as 
a suitable unit; it is the amount of work done in carrying one electron through an 
opposing potential difference of 1 volt. 




RESISTANCE OF A CONDUCTOR 


27 


SPECIFIC RESISTANCE OF COMMON METALS, ALLOYS AND SOLUTIONS 


Subatance 

Cftrnpoflition 

Microhms per cm*, 
at O'" C. 

Temperature Coefficient 
Referred to 0° C. 

Advance. 

Copf)er-nickel 

48.8 

0.000018 

Aluminum. 

Pure 

2.62 

.00423 

Brass. 

06Cu+34Zn 
Ni+Cr + I'e 

6 29 

00158 

Calido. 

100.0 

.00034 

Carbon. 

Lam[) filament 

4000.0 

- .0003 

Constantan. 

COCu H 40Ni 
Standard 

49 0 

00000 

Copper. 

1 589 

.00427 

Copper. 

Electrolytic 

1.56 

.00428 

German Silver. 

18Ni+Cu+Zn 

33.1 

.00031 

la la soft. 

Cu + x\i 

47.1 

.00000 

Iron. 

Pure 

8.85 

, .00625 

Iron. 

Hard steel 

45 0 

.00161 

Manganin. 

Cu-hMn-fNi 

/ 40.0 

170 0 

r 00001 

1 .00004 

Nickel. 

Elect rolj'tic 

6.93 

.00618 

Silver. 

Electrolytic 

1.47 

.00400 

Tunji^stcn.. . 

Ilani 

5 42 

.0051 


IVr (’flit 

()hins per Cm*. 

1 

H2SO4. 

5 

4 80 

-0 012 


10 

2 55 

.013 


20 

1 50 

.014 


30 

1 35 

.016 


50 

1 85 

.019 


70 

4 68 

.026 

KOII. 

20 

2 01 

- .020 

nci. 

20 

1.31 

- 015 

UNO,. 

20 

1.41 

- .014 

NaCl. 

2 

37.0 

- .023 


5 

14.9 

.022 


10 

8.2 

.021 


20 

5.1 

.022 


Prartically all solutions have a minimum resistance with a density of solution between 
20 and 30 per cent. 


The resistance of a metal varies with the temperature, in general 
being directly proportional to the absolute temperature. This relation is 
approximately expres.sed for all pure metals by the equation, 

/f,= ffo(l+a<),.(4) 

where R i — the resistance at t degrees Centigrade; 

RQ = thv resistance at zero degrees Centigrade; 
t = the temperature at which the resistance is desired; 
o=the temperature coefficient of resistance. 
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When absolute zero temperature is approached the resistance changes 
no longer follow the simple law given in Eq. (4); the changes become more 
irregular. 

The value of a is very nearly 0.004 for all pure metals, for copper it 
has been decided to take a as 0.00427, at 0° C. 

A statement which gives the above rule in words is as follows—the 
resistance of a pure metal increases approximately 1 per cent for each 2.5*' 
rise in temperature above 0*^ C. 

The resistance of a field coil of a generator which has a resistance 
of 25 ohms at ordinary temperature might have a resistance of 30 ohms 
after the machine had been operating a few hours; the rise would be due 
to the heating of the coil. A tungsten lamp has when hot about nine times 
as much resistance as it has at room temperature. 

In certain materials the resistance may sliow considerable departure 
from the rule given above, thus in carbon an increase in temperature 
brings about a decrease in resistance. In a certain alloy of nickel and 
copper there is practically no change in resistance with ordinary tempera¬ 
ture changes. 

There are very strange resistance changes in certain substances, e.g., 
a large change in resistance takes place in selenium, according to the amount 
of illumination it receives; bismuth shows a large change in resistance, 
as it is introduced into a magnetic field and is sometimes used to measure 
the strength of magnetic field by the determination of its resistance. 

The resistance of a salt or acid solution such as we have in primary or 
secondary batteries depends among other things upon the strength of the 
solution. This variation does not follow a simple law; there is a certain 
strength of solution which gives minimum resistance. For sulphuric 
acid solution such as is used in lead storage batteries the mixture which 
gives minimum resistance is made up with 30 per cent (by weight) acid. 

The effect of temperature on the resistance of electrolytes is to give 
a decrease of resistance with an increase of temperature for those changes 
in temperature to which they are ordinarily subjected. The resistance 
decrease is about 2 per cent per degree Centigrade. 

In case a circuit is carrying an alternating current the resistance may 
show all sorts of variations; it may be changed by bringing a piece of iron, 
or another circuit, into its magnetic field, by varying the frequency or 
strength of current. These changes of resistance in so far as they have 
importance in radio work will be considered in the next chapter. 

Induced Electromotive Force. —When current passes through a coil 
of wire it sets up a magnetic field in the coil and the strength of this field 
varies as the current varies. Now it is a fundamental law of the electric 
circuit that when the strength of magnetic field through a coil is varied, 
an e.m./, is induced in the coil] this law, which was discovered by Faraday, 



DIRECTION OF INDUCED ELECTROMOTIVE FORCE 


29 


is called the law of induced e.m.f. The application of this law underlies 
the design and operation of nearly all electrical machinery and circuits. 

Magnitude of Induced E.M.F.—The magnitude of the induced voltage 
depends upon the rapidity with which the magnetic field is changing and 
upon the number of turns in the coil, it being directly proportional to 
each of these factors. It is written 

d(f> 

. 

in which e — ihe voltage induced at any instant of time, in abvolts; 

A^ = the number of turns in the coil; 

</) = the flux through the coil. 

The minus sign is necessary because of the relation between the direction 
of the induced e.m.f. and the change in magnetic field, i.e., increase or 
decrease. 

Direction of Induced E.M.F.—The change of flux is of course produced 
by a change of current; if the flux is decreasing it must be that the cur¬ 
rent in the coil is decreasing. The direction of the induced e.mf. is always 
such as to prevent the change of current which is producing the induced voltage. 
Hence when the current (or flux) is decreasing, the direction of the induced 
e.m.f. is such as to prevent the decrease of current. 

Suppose a circuit arranged as shown in Fig. 22; A is the battery, is a 
coil, C is a switch, across whicli is connected a resistance D. With the 
switch closed current will flow in the 
direction of the arrow and will be 
fixed in magnitude by the voltage of 
the battery and the resistance of the 
coil. The resistance ]) will play no 
part in fixing the value of the current, 
becau.se with the switch closed this 
resistance is cut out of the circuit, 
or short-circuited. 

A certain flux </> will be set up in 
the coil, the value of this flux being 
fixed by the current. If now the switch is opened the current must change 
to some lower value because of the added resistance D. This lower cur¬ 
rent will produce a lower flux <t> 2 . While the flux is changing from <t>i to 
<t >2 an e.m.f. will be set up in the coil B and the direction of the e.m.f. 
will be the same as the battery e.m.f., i.e., it will assist the battery e.m.f. 
in tending to maintain the current at its original value. 

In Fig. 23 the switch is supposed to be closed until time A and here 
it is opened. The flux will decrease from the value AE to BFy the time 
taken for the change being that shown on the dit^am between A and B. 



Fig. 22. —Opening the switch will re¬ 
duce the current in the circuit. 
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The decreasing flux generates a voltage in the coil shown by the curved 
line AIBy and this is in the same direction as the battery voltage, hence 
the total voltage acting in the circuit during the time A~B is shown by 
the curved line GJ //. 

When the switch is closed again at time C the flux increases from 4)2 
to 4>i] the induced voltage is now in the opposite direction and is shown 
by the curved line CKD] it results in a total circuit voltage less than 
the battery voltage, as shown by the curved line MNO. (The shape 
of the induced voltage will not be exactly that shown by the lines of 
Fig. 23; these curves are only approximate indications of the actual form 
of the induced voltage. The exact form will depend upon the sparking 
taking place at the switch, etc.) 

Summarizing the facts brought out by Fig. 23 and its explanation we 
have the proposition that when the current in an inductive circuit is 



Fig. 23. —Curves showing direction of induced e.m.f.s when current is increasing and 
when decreiising. No attempt ha.s been made to give the curv(‘s of current and 
flux changes their correct shapes. Later in this chapter the shape of current and 
flux changes will be discussed more in detail. 


decreasing the induced voltage acts to increase the total voltage of the 
circuit; when the current is increasing the induct'd voltage is in such a 
direction that the total voltage acting in the circuit is decreased. 

Illustrating the above ideas there is a certain circuit used in radio 
in which a continuous voltage of 1200 volts is applied through a coil to 
the plate of a vacuum tube; as the current in this circuit pulsates, alter¬ 
nately increasing and decreasing from its normal value, the induced volt¬ 
age in the coil has a maximum value of 1100 volts. When the current 
is increasing this induced voltage acts in the opposite direction to that 
of the generator furnishing the 1200 volts, so that the total voltage effect¬ 
ive in maintaining current through the resistance of the circuit is only 
100 volts. ^ When the current is decreasing the induced voltage assists 

^ The reason for this statement regarding the magnitude of voltage in the coil will 
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the generator voltage and the total effective voltage in the circuit is 2300 
volts. The effect of induced voltage in this special circuit is to produce 
a pulsating voltage, between 100 volts and 2300 volts, although there is 
in the circuit a generator to supply the current, which furnishes a contin¬ 
uous voltage of 1200 volts. 

This voltage set up in a coil by the changing flux in the coil (the flux 
being caused by current in the coil itself) is called the e.m.f. of self-induction. 

Coefficient of Self-induction. — Instead of expressing the magnitude 
of the induced voltage in a coil in the form given by Eq. (5) we may write 


e = 



(6) 


in which i = the current in the coil; 


e = the instantaneous value of the induced voltage, due to the 
changing current, t, 

L~the coefficient of self-induction. 


The coefficient of self-induction of a coil varies with the square ^ of 
the number of turns in the coil and inversely as the reluctance of its mag¬ 
netic circuit. 

If a given air-core coil has an L of two units and the number of turns 
is doubled, the value of L is increased four times so it becomes eight units. 
If the magnetic circuit is changed from air to iron, the permeability of 
which is 1500, the /> will be further increased 1500 times and so becomes 
12,000 units. This increase is due to the iron decreasing the reluctance 
of the magnetic circuit 1500 times. If the iron core does not completely 
close the magnetic circuit, so that part of the magnetic path is still through 
air, the value of L is not increased to the extent stated above. For example, 
if the path through iron is 15 inches and the air part of the path is 0.01 inch 
long, then the value of L is increased 750 times, instead of 1500 times as 
stated. 

The great increase in Jj produced by the use of iron for the magnetic 
circuit explains the almost universal use of iron cores (completely closed 
when possible) in coils which j^erform their function owing to the value 
of their self-induction. 

It is to be especially noted that Eq. (5) is the real equation for giving 
the amount of e.m.f. induced in a circuit, and not Eq. (6). It is true that 

not 1)6 apparent until the reader has studied the action of the vacuum tube, as given in 
Chapter VI. 

* This law holds good for any shape of coil if the magnetic circuit is a closed iron 
core the pt^rmeahility of which is constant; this ivquires that as the number of turns 
on the coil is increased the current through the coil is correspondingly diminished, so 
that the flux density remains constant. For an air-core coil the law is approximate 
only; it is more nearly true as the turns of the coil are placed closer together. 
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Eq. (6) is used more generally than is Eq. (5), but nevertheless Eq. (6) 
may sometimes give most ambiguous results, whereas Eq. (5) is always 
correct. 

If a circuit has no iron to carry its magnetic flux, both Eqs. (5) and (6) 
always give correct results, but when the coil under consideration has an 
iron core, with accompanying variable permeability, Eq. (6) cannot 
be used in getting the induced e.m.f. This point is very important in 
connection with the use of iron-core coils in radio apparatus. 

We frequently want to know how a coil will impede a certain change 
in current; thus in filters, iron-core coils are used to prevent fluctuations 
in a unidirectional current. Now whereas the coil may have a high self- 
induction for the current flowing through it, it may have practically no 
self-induction for preventing changes in that current. We might, for example, 
have a coil which with 4 amperes shows a self-induction of one henry 
and with 5 amperes shows only 0.8 henry. One would naturally conclude 
that if the current changes quickly from 4 to 5 amperes the coil would 
show for this change in current an average self-induction of 0.9 henry. 
Actually the coil may have practically no self-induction in so far as this 
current change occurs. This point is taken up in detail in Chapter II. 

The unit of self-induction is defined by Kq. (6); if a rate of current 
change of 1 ampere per second gives an induced voltage of 1 volt, the 
coil has a self-induction of 1 unit. This unit is called the henry) the 
henry is, however, too large a unit for most of the coils used in radio 
work, so that subdivisions of the henry are used. The milli-henry is one 
thousandth of a henry and the micro-henry is the millionth part of a 
henry. Sometimes a still smaller unit is used, the centimeter, which is 
the billionth part of the henry. It may seem strange that the unit of 
length is also the unit of self-induction, but such is the fact; the deriva¬ 
tion of the dimensions of the various units is outside the scope of this 
text. The coils used in tuning radio circuits vary from a few micro¬ 
henries to several millihenries, according to the frequency of the current 
being used. 

Energy Stored in a Magnetic Field. —It requires work to set up a 
magnetic field just the same as it requires work to set into motion a heavy 
body. The greater the self-induction of a coil the greater is the work 
required to start current flowing in the coil; similarly the greater the mass 
of a body the greater is the work required to start it in motion. 

The amount of work required to give a mass m, a velocity is measured 
by as shown in all texts on mechanics. 

The amount of work required to set up, in a coil of self-induction L, 
the magnetic field caused by a current /, is, 


Energy, or work = \LP 


(7) 
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where L is measured in henries and I is measured in amperes and the 
energy is measured in joules. 

The field coil of a large generator may have many joules of energy 
stored in its magnetic field; in radio circuits the amount of energy in 
the coils of a transmitting set is variable because the current is variable. 
The maximum value of the energy in the coils of the ordinary transmitter 
is about one joule per kilowatt capacity of the set. 

Mutual Induction.—When the flux through a coil varies an e.m.f. 
is set up in it; if the flux is produced by current in the coil itself the e.m.f. 
is spoken of as the e.m.f. of self-induction, but if the flux is due to some 
other coil, in proximity to the one in which the voltage is being induced, 
the e.m.f. is spoken of as the e.m.f. of mutual induction. The voltage 
induced in the second coil is proportional to the rate of current change 
in the first coil (the one producing the flux) and the mutual induction 
of the two coils. The relation is expressed in the form of an equation 


62 = 


-M 


di\ 

It' 


( 8 ) 


where ^2 = voltage induced in the second coil; 

?i =the current in the first coil; 

M = the coefficient of mutual induction of the two coils. 


It is to bo noticed that Eq. (8) is written in the same form as Eq. (6), 
the minus sign in Eq. (6) signifying that if the current in the circuit is 
diminished (di/dt negative) the e.m.f. of self-induction thereby set up 
will be in such a direction as to prevent the decrease in current. The 
e.m.f. of self-induction always has this phase, tending to prevent whatever 
change of current is taking place. The use of the minus sign in Eq. (8), 
however, is not justified from such a consideration, because the voltage €2 
may be of the same sign as di/dt or of opposite sign, depending upon how 
the two coils are wound. 

In the ordinary radio coupler, for example, the voltage induced in the 
movable coil may have its phase reversed by rotating the movable coil 
sufficiently; from this standpoint M may be considered as having 'polarity 
and is so considered in discussing the action of vacuum-tube circuits. 
Thus we may say M is positive if ^2 has a phase opposite to that oidii/dt. 

This e.m.f., due to mutual induction, is set up whether the second 
circuit (in which it is induced) is open or closed. If the second circuit is 
a clovsed one, then current will flow in it, due to the induced voltage, 
and the direction of this current flow serves to justify the use of the negative 
sign of Eq. (8). 

If the coil of the second circuit is closed (its two terminals being con¬ 
nected together), current will flow whenever the flux through the coil is 
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changing. Thus, suppose the flux in the second coil, set up by current 
flowing in the first coil, is increasing. Then the current which flows in 
the second coil will be in such a direction that the coil’s magnetomotive 
force will act against the magnetic field and hence the magnetomotive force 
of the second coil will tend to prevent the increase of flux through the 
second coil. 

In the same way if the flux through the second coil is decreasing the 
current set up in this coil by the e.m.f. of mutual induction will be in such 
a direction as to increase the flux. That is, the current set up in the 
second coil again tends to make the flux through the coil remain constant. 
Of course this tendency of the second coil to hold the flux through itself 
constant cannot actually accomplish this result. The secondary current 
will flow only as long as there is voltage induced in the second circuit, and 
there will be a voltage in the circuit only if the flux through the coil is 
changing. 

If the e and i of Eq. (8) are measured in volts and amperes respectively, 
then M is measured in henries, the same unit as is used for L. For smaller 
values of M the same fractional parts of the henry are used as are used for 
L. M dejDends for its value upon the number of turns in each of the coils 
and upon their relative position; as the number of turns in either coil 
is decreased the value of M is corresjwndingly decreased and as the dis¬ 
tance between the two coils is increased the value of M is again decreased. 
M may also be decreased by properly orienting the two coils with respect 
to one another. Imagine +wo cylindrical coils, shown in plan as rect¬ 
angles in Fig. 24; M will have a relatively high value for the position 

shown in a and will 

A A B. 

I ^ have a smaller value 

for either position b or 
position r. The scheme 
of rotating one of the 

— — — — — two coils to diminish 

Position tt Position 6 Position c , 

, , M has the advantage 

PIG. 24.—Variation of mutual inductance between two , , 

over the other method 

that it is compact and 

so permits the design of a set to be kept to smaller dimensions, a very 
important point if the sets are to be portable. 

Coefficient of Coupling. —If all the flux produced by one coil threads 
with all the turns of the other, the coils are said to have 100 per cent 
coupling; if btit a small fraction of the flux produced by the first coil 
threads the turns of the second, the coupling is weak. Also if all the 
flux of the first coil links with but a few turns of the second, the coupling 
is again weak. 
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The coefficient of coupling • between the two circuits is given by the 
relation 




M 

V~L^2 


( 9 ) 


where A: = coefficient of coupling, always less than unity; 
M = mutual induction between the two circuits; 

Li = the total self-induction of the first circuit; 

Lo = the total self-induction of the second circuit. 


My Lij and L 2 must all be expressed in the same units. 

As examples of the proper use of Eq. (9) in determining k, Fig. 25 
is given; it is to be especially noted that if there are two or more coils 
in series and only one of them is used to couple the two circuits the total 
L of the circuit must be used and not the L only of that coil used for the 



Fig. 25.—Examples of coefficient of coupling. 


coupling. Thus if two circuits are coupled to a certain extent by two 
coils in a certain position with respect to one another and another coil 
is added in series with one of these, kaving the two original coils exactly 
as they were, the coefficient of coupling of the two circuits has been lessened. 

Mutual induction is, as the name indicates, a mutual characteristic of 
the two circuits, and has the same value whichever of the two circuits is 
considered as the primary, or inducing, circuit. This is more or less 
evident if the two coils have the same number of turns, but possibly not so 
apparent when the two coils have different numbers of turns. Thus 
in the first diagram of Fig. 25 the mutual induction is 0.1 henry whichever 
coil is considered as the primary. If, for example, the current in the 0.08 
henry coil is changing at the rate of 1000 amperes per second, the voltage 
induced in the coil is 1000X0.1 = 100 volts. But also if the current 
in the 2.0 henry coil is changing at the rate of 1000 amperes per second, 
the voltage induced in the Li coil is also 1000X0.1 = 100 volts. 


^ A more detailed discussion of coefficient of coupling is given on p. 107i 
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Practical Uses of Mutual Induction. —In general, whenever energy is to 
be transferred from one circuit to another, insulated from the first, the 
transfer occurs across either a mutual electric or magnetic field, and 
generally this transfer utilizes a mutual magnetic field. That is, the energy 
flows from one circuit to the other because of the mutual induction of the 
two circuits. In a radio spark transmitter mutual induction is used between 
the two coils of the power transformer where the coupling is above 90 
per cent; in the high-frequency oscillation transformer the coupling is 
about 20 per cent; in the coupler of the receiving set the antenna 
is coupled to the local tuned circuit with a coupling of perhaps 2 to 10 
per cent. 

Effect of a Short-circuited Coil on the Self-induction of a Neighbor¬ 
ing Coil. —Suppose a coil A has a certain self-induction by itself; it will 
be found that if another coil B is brought close to A, and in such a position 
that M is not zero, the effective L of coil A is decreased, if the second 
coil is connected to form a closed circuit so that current can flow in it. 
The amount of decrease in L depends upon the coupling between the 
two coils, upon the frequency, and upon the resistance in the circuit of 
the second coil. 

This effect is likely to occur in certain variable coils used in radio 
circuits; in the type of coil referred to the change in the self-induction 
of the coil is accomplished by using more or less turns of the coil by means 
of a sliding contact as indicated in Fig. 26. If the sliding contact B 

happens to make contact 
with two adjacent turns at 
once (quite a normal occur¬ 
rence), there is one turn of 
the coil vshort-circuited, and 
this short-circuited turn is 
(juite closely coupled with 
that part of the coil which 
is being used. The effect of this turn is to decrease very much the effect¬ 
ive self-induction of the part of the coil A-B, which is being used. Now 
as the slider is being adjusted it will, with very little movement, make 
contact with two turns or with only one turn; a signal may come in very 
strong at a certain setting of the slider and the slightest movement of 
the slider one way or the other will make the signal disappear. This is 
due to the large change in the self-itlduction of the coil as the slider makes, 
or does not make, the double contact. 

A short-circuited turn in a coil not only produces a decrease in the 
L of the coil, but it also increases very materially the resistance of the 
coil, and this is detrimental to the proper operation of the set; these two 
points will be taken up more in detail later in this chapter. 
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Capacity—Charging a Condenser.— Suppose a battery is connected 
through a switch to a condenser as indicated in Fig. 27. The condenser 
C consists of two metal plates 
a and 6, close together, but 
perfectly insulated from one 
another by the layer of air 
between them. When the 
switch B is closed the plate h 
is made negative with respect 
to a, by an amount equal to the e.m.f. of the cell, perhaps 1.5 volts; that 
this must be so follows from the fact that, when the switch is closed, h is 
connected to the negative end of the cell and a is connected to the positive 
end of the cell. 

As the two plates a and h were at the same potential before the switch 
was closed, and after the switch is closed h is 1.5 volts lower in potential 
than a, the closing of the switch must have been followed by a flow of 
electrons in the direction from a to 5. This redistribution of the electrons 
in the circuit, which serves to bring the condenser plates to the same dif¬ 
ference of potential as are the terminals of the cell to which they are con¬ 
nected, is called charging the condenser. A current flows during the short 
interval of time required for the redistribution of the electrons; this cur¬ 
rent is called the charging current of the condenser. 

It is more or less evident that the condenser will take sufficient charge 
to bring its potential difTerence equal to that of the battery; as long as 
the condenser is at a lower potential dilTerence than the terminals of the 
battery, the e.m.f. of the battery causes more electrons to flow; if, by 
any chance, so many electrons accumulate on the b plate of the condenser 
that [xitential difi’erence of the condenser is greater than that of the battery, 
the excess of potential difference would so act as to make the condenser 
discharge itself until it was at the same potential difference as the ter¬ 
minals of the battery. 

This charging process is often explained by stating that electrons leave 
one plate of the condenser and flow around the circuit, through the battery, 
to the other plate. It must not be thought, however, that such is actually 
the fact. If, for example, the condenser has a capacity of 1 microfarad 
(an ordinary telephone condenser has this capacity) and the connecting wire 
is a small one, such as is used in connecting electric door bells, etc., the elec¬ 
trons will move along in the connecting wire, in the average, only about 
10cm. to charge the condenser to 1.5 volts potential difference. Even 
if it is changed to 1000 volts they will move through the connecting wire 
only about one millionth of a centimeter. 

Capacity of a Condenser. —Suppose the amount of electron flow neces¬ 
sary to charge two different condensers to a certain potential difference 
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Fig. 27. —Charging a condenser. 
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is measured by a ballistic galvanometer or similar device. It will be 
found in general that the different condensers require a different amount 
of charge to bring them to the same difference of potential. For example, 
if two condensers are made of the same sized metal plates, but in one the 
plates are only half as far apart as in the other, it will be found that the one 
with closer plates requires twice as much charge as the other; if two con¬ 
densers have the same spacing for the plates, but one has larger plates than 
the other, again it will be found that one re(]uires more charge than the 
other, in this case the one with the larger plates. 

That characteristic of a condenser which determines how many elec¬ 
trons it takes to bring the condenser plates to a certain potential dif¬ 
ference is called its capacity. A condenser which requires 1 coulomb 
of electricity to bring its plates to a potential difference of 1 volt, has 
a capacity of 1 farad. Such a condenser would require immense plates 
very close together; the unit is altogether too large to represent the capac¬ 
ity of ordinary condensers. In ordinary engineering practice, such as 
telephone circuits, the microfarad is used as the unit of capacity. A con¬ 
denser of 1 microfarad requires a charge of one millionth of a coulomb 
to charge it to 1 volt. Stated in another way, a current of 1 ampere 
would have to flow only one millionth of a second to charge the condenser 
to 1 volt potential difference; or 1 microampere, flowing for 1 second, 
would charge it to the same extent. 

In radio circuits the microfarad is too large a unit to be conveniently 
used; a more suitable unit is the inilli-microfarad, which is the thousandth 
part of a microfarad. Another unit is the micro-microfarad, which is one- 
millionth of a microfarad. Still another unit is the centimeter; which 
is one nine hundred thousandth of a microfarad. The micro-microfarad 
and the centimeter are nearly the same-sized units, the centimeter being 
about 1.1 of a micro-microfarad. 

The capacity of a standard lA'yden jar fonnerly much used in radio 
transmitting sets is 2 milli-rnicrofarads. The variable condensers used 
for tuning a receiving set have a maximum capacity of one milli-microfarad 
or less. C(;rtain condensers used with vacuum-tube dtdectors have a 
capacity of 100 micro-microfarads. Antennas, such as are used on small 
vessels, have a capacity of about 0.5 milli-microfarad; large land stations 
designed for transoceanic communication may have antennas of as much as 
10 milli-microfarads capacity. 

Specific Inductive Capacity. —Suppose a condenser made of two metal 
plates separated by | in. of air and let the quantity required to charge 
it to one volt be measured. Then let a J-in. glass plate be slipped in 
between the two plates of the condenser and let the quantity be again 
measured; it will be found to be about six times as much as when air 
was used to separate the plates. If various other materials are used as 
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dielectric it will be found that they all take more charge than the air con¬ 
denser; in other words, when such insulators as glass, mica, rubber, etc., 
are used for the dielectric instead of air, the condenser has more capacity, 
its dimensions being the same in each case. The ratio of the capacity 
of a condenser in which some dielectric other than air is used to that it 
would have if air were used, is called the specific inductive capacity of the 
dielectric.^ The values of this constant for some of the more common 
insulators'are given in the table on page 253. 

Energy Stored in a Charged Condenser.—It takes work, or energy, 
to charge a condenser; the amount of this work depends upon the capacity 
of the condenser and upon the voltage to which it is charged. The problem 
is analogous to the “ pumping up '' of a tire; the amount of work done 
in this case is evidently proportional to the size of the tire and depends 
in some way upon the pressure to which the tire is pumped. Actually 
the amount of work required increases with the square of the pressure 
to which it is pumped; pumping a given tire to 40 lb. pressure requires 
four times as much work as is required to pump it to 20 lb pressure. 

The energy used in charging a condenser, and stored in the electric 
field, between the plates of the condenser, is 

Work = .\CA’^.(10) 

where C = capacity of condenser in farads; 

£ = voltage to which condenser is charged, in volts, and the work 
is given in joules. 

A condenser of 0.002 microfarad, charged to 15,000 volts difTerence 
of potential, has stored in its field 0.225 joule of energy. If the energy 
stored in this condenser is discharged to produce the oscillatory currents 
recpiired in the radio transmitter, it may be used to supply about 100 
watts of power, with a suitable charge and discharge frequency. 

Suppose sixteen such condensers are connected in parallel, so that each 
is charged to the same voltage, 15,000 volts. There will be stored in this 
battery of condensers 16X0.225 joule, or 3.6 joules. If the condensers 
discharge through a spark gap which operates 1000 times a second (a com¬ 
mon spark frequency) there will be transformed into oscillatory current 
3600 joules per second, that is, 3600 watts of power. Hence sixteen such 
jars, good to operate at 15,000 volts, would be sufficient for generating 
about 32 kilowatts of high-frequency power, for a spark frequency of one 
thousand. 

' Actually the condenser u.sed for reference should have its plates separated by 
vacuum; the specific inductive capacity of air is however so nearly the same as that of 
vacuum that in laboratory mejisurements an ai*' condenser may be used for the reference 
condenser. 
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Current Flow in a Continuous Current Circuit Containing Resistance 
Only. —If a continuous e.m.f., such as that from a battery, is impressed 
upon a circuit containing resistance only, a continuous current will flow 
and its value is given by Ohm^s law. 


/ = 


E 

ir 


where / = current in amperes; 

£ = e.m.f. of the battery, in volts; 

ft = resistance, in ohms, of the entire circuit. 


( 11 ) 


The current will have this value from the instant the switch is closed, 
and will be as continuous (constant in magnitude) as is the e.m.f. of the 
battery. 

Current Flow in an Inductive Circuit. —If the circuit to which the 
battery is connected contains inductance as well as resistance, the current 
flowing will have the value given by Eq. (11) only after the switch has been 
closed for some instants; it does not rise to the value predicted by this 
equation for quite some time after the switch has been closed. The fact 
that there is inductance in the circuit as well as resistance does not affect 
the final value of current, but it does affect the current for a short time 
after closing the switch. 

In an inductive circuit the current cannot at once rise to its steady 
value; it takes an appreciable time to reach the final value predicted by 
Ohm^s law. The length of time taken depends upon the ratio of the 
inductance to the resistance of the circuit. The value of current is ex¬ 
pressed at any time after closing the switch by the equation 

• E 

.(12) 

in which 2 = the current in amperes at time t after closing the switch; 

£ = the e.m.f. of the battery; 

72 = the total resistance in the circuit, including that of the battery, 
in ohms; 

L = the coefficient of self-induction of the circuit, in henries; 

< = the number of seconds elapsing after the switch is closed; 

€ = the base of natural logarithms = 2.718. 

This equation defines the expression logarithmic rise of current. 
If a circuit has a very large value of inductance compared to its resistance, 
the rise of current may be so slow that it can actually be observed by 
means of an ammeter in the circuit. This is very easy to observe, for 
example, in the field circuit of a large generator, in which the current may 
take several seconds before it approximates its final value. 
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Time Constant of an Inductive Circuit. —When the time elapsed after 
the switch is closed is equal to the L/R oi the circuit the current has risen 
to (1 — 1/e) of its final value, or to about 63 per cent of its final value. The 
time taken for the current to reach this fraction of its final value is called 
the time constant of the circuit; in most inductive circuits it has a value 
only a small fraction of a second, but it may in special cases be consider¬ 
ably larger than this. 

A point which is apparently but little appreciated by text-book writers 
is the fact that the time constant of an inductive circuit is intimately 
connected with its physical dimensions. Thus it is simple to “ assume a 
coil of 1 henry inductance and 1 ohm resist ance,^^ as is suggested in one 
problem. But this means a time constant of 1 second. Now iron-core 
coils should not be assumed in such a problem, because the inductance of an 
iron-core coil is an indefinite quantity, being different for every different 
current. And an air-core coil to have a time constant of one second would 
require majiy hundred pounds of copper wire; thus a well-designed coil, 
employing 75 lb. of stranded copper cable, has a time constant of 0.06 
second. The weight of copper required for greater time constants varies 
roughly with the square of the time constant desired. 

The Oscillograph.—In investigating problems to-day the electrical 
engineer uses very extensively an instrument called the Duddell oscillo¬ 
graph. It receives its name from the fact that its essential part consists 
of a small mirror mounted on some fine wires, through which wires a cur¬ 
rent may be passed. The wires are mounted between the poles of a pow¬ 
erful magnet, and, due to the force acting between the magnetic field and 
the current in the wires, the mirror is caused to oscillate back and forth as 
the current in the wires changes its direction. This part of the instrument is 
really a small galvanometer so constructed that it can move very quickly a 
beam of light shining on the mirror and which, reflected therefrom, acts as 
a pointer to indicate the motion of the mirror. By suitable devices the 
motion of this beam of light may be either thrown on to a translucent 
screen and so serve for visual work, or it may be thrown to a rapidly rotat¬ 
ing film and so give a permanent record of the excursions of the mirror. 
These films, showing how current varies with respect to time, are called 
oscillograms; such records will be frequently used in this text to illustrate 
phenomena being analyzed. 

Such records are extremely valuable, as there are many rapid changes 
of current taking place in circuits which can be examined only in this 
fashion. Changes of current which are so rapid that they occupy only 
one-thousandth of a second are truthfully recorded by a properly used 
oscillograph; currents which alternate many hundred times a second are 
correctly shown by an oscillogram. Not only will the oscillogram show 
the number of times a second the current alternates, but it will also show 
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how closely the current approaches a sine wave in form and similar 
effects. 

The ordinary oscillograph of the Duddell type requires about 0.1 ampere 
through its vibrator to give full-scale deflection. Its records are faithful 
reproductions of current forms for frequencies up to about one thousand 
cycles per second; the vibrator will respond to frequencies higher than this, 
but the picture obtained is not of just the same form as the current, due 
to the inertia of the vibrating parts (principally the mirror). Thus 
if a picture of a 500-cycle current is taken and in the 500-cycle current 
there are ^‘ripples’' which represent frequencies of several thousand 

per second, these ripples will not 
show up in the picture with as great 
I an amplitude as they have in the ac- 
j tual current. 

I Because of the comparatively large 
! current required and its frequency 

; limitations, the Duddell oscillograph 

' is hardly suitable for photographing 
! the currents of radio circuits. Thus 
the current through the loud speaker 
of a broadcast receiver might be 0.005 
anqx're, consisting of a combination 
of frequenci(‘s from 100 to 5000 cycles 
per second; this current is too low 
in amplitude, and too wide in fre¬ 
quency range to be accurately photo¬ 
graphed by a Duddell oscillograph. 
For ordinary engineering circuits, how- 
ev(‘r, this tyjx' of oscillograph is most 
us(‘ful, as will be apparent from the 
illustrations given in later portions of 
this t(‘xt. 

The vibrator, or moving part of 
the Duddell oscillograph, is shown in 
Fig. 28. A very small mirror is cemented to two fine silver strips through 
which flows the current to Ije photographed. The silver strips are held 
taut in their proper place by Ixdng stretched over two small, slotted, ivory 
bridges. The natural frequency of oscillation of this bifilar susjxmsion, 
with the mirror, is about 4000 per second. A system of this kind should 
never be used to photograph frequencies high(T than its natural frequency; 
in fact, it is well not to use it for freciuencies higher than about one half its 
natural frequency. 

When properly mounted and ready for use, the vibrator is placed in a 
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Fig. 28.—The vibrator of a Dudd( 
oscillograph. 
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small oil-filled cell, oil being used to damp out any effects due to the ten¬ 
dency of the vibrator to oscillate at its own natural frequency. Through 
that part of the cell where the mirror is supported, a strong, controllable, 
magnetic field is caused to pass; the poles of a powerful electromagnet 
envelop the cell (which of course is made of brass, not iron). In one type 
of this oscillograph, commercially available, permanent magnets are used 
instead of electromagnets. 

As generally used three vibrators (or more) are properly mounted so 
that their mirrors all receive light from the same intense source, and so 
that the beams from the separate mirrors can all be focused on the same 
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Fkj. 29.—Thre('-vibrator Diuldell osoillo^jraph conveniently mounted on a movable 
tal)le, with all reejuired accessories. 


photographic film. Thus three records of voltage or current, can be 
obtained simultaneously, to give not only forms and magnitudes of the 
various quantities, but also their relative phases. In Fig. 29 is shown a 
three-vibrator oscillograph conveniently mounted on a laboratory table, 
with all essentiiil accessories. In a commercial oscillograph of another 
manufacturer, there are nine vibrators which may be used simultaneously. 

There are other types of oscillographs which the radio engineer engaged 
in research work may employ. The Einthoven “string galvanometer*' 
makes photographs of currents of amplitudes as small as 1 microampere, 
or even less. It has sf'vere frequency limitations, however, and is generally 
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not suitable for frequencies greater than a few hundred per second. Its 
resistance is ordinarily a thousand ohms or more, while the Duddell vibrator 
has a resistance of only 1 ohm. 

For measuring the magnitude and forms of the currents of an audio¬ 
frequency amplifier, the string galvanometer is of great service, in fact 
it is the only device by which such currents can be readily photographed. 



The plate circuit currents of an amplifier may 
be as much as 1 milliampere (or somewhat 
larger) whereas the grid currents are measured 
in microamperes or fractions of 1 micro¬ 
ampere. The frequencies may vary from 10 
to 6000 cycles per second. Although the 
string gives rather limited response for the 
high frequencies, much less than for the 



Fia. 30.—One form of cathode Fia. 31.—Connection scheme of cathode ray oscillo- 
ray oscillograph. graph arranged for electric field deflection of 

the beam. 


lower ones, the photographic records obtained do show very well what is 
taking place in the various parts of the amplifier. 

The string is of quartz, silver coated, so small as to be invisible to the 
naked eye; it is suspended between two small microscope lenses in a 
powerful magnetic field. A compound optical system intensely illuminates 
the string, and throws its shadow upon a suitably moving photographic 
film. The optical system gives a magnification of 1000 times or more, so 
that a string motion of 0.001 cm, appears on the film record as a movement 
of 1 cm. 

The comparatively small response of this instrument for frequencies 
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higher than a few hundred per second is due to the relatively large mass of 
air which the string carries along as it oscillates. 

In the cathode ray oscillograph a stream of electrons is used for the 
vibrator; this beam is made to affect a fluorescent screen or a photographic 
plate. In the former case a stationary figure is shown on the screen and 
the form of the figure can be used to calculate the shape of the radio wave 
used to deflect the electron ray. The fluorescent screen scheme requires 
that the radio current being investigated is periodic, that is, it repeats 
its form for several seconds. 

In Fig. 30 is shown the form of one type of cathode ray oscillograph 
(developed by the Bell Telephone laboratories). A small filament fur¬ 
nishes the electrons which are accelerated by a plate potential of 300 volts 
and directed into a narrow beam by passing through a small hole in the 
plate. This beam (perhaps 1 mm. in diameter) shoots between the two 
sets of plates shown in Fig. 30 and impinges upon the flattened end of the 
tube. This end has been coated on the inside with some material which 
fluoresces when the electrons strike it, showing a greenish spot about 
1 mm. in diameter when the tube is in proper adjustment. 

A small amount of gas is left in the tube after evacuation, and the 
ionization of this permits a reasonably sharp focus for the impinging beam. 
For a given plate voltage a critical value of filament current gives the proper 
amount of ionization for producing a sharp spot on the fluorescing screen. 

The voltage to be measured is impressed upon one or the other pair of 
plates and so deflects the beam of electrons in a direction perpendicular 
to the plane of the plates. The other pair of plates is used to draw the beam 
across the tube at a known speed, to give a time axis for the voltage wave. 
The IR drop across a resistance in series with a charging or discharging 
condenser serves well for this purpose. A few volts will give reasonable 
beam deflections; with 300 volts anode potential, 10 volts in the deflecting 
plates move the spot on the screen 1 cm. 

In Fig. 31 is shown the electrical connection scheme for this cathode 
ray oscillograph, arranged to give deflections from both sets of plates by 
the drops across the megohm resistances. 

Instead of using electric fields for deflection it is possible to use a 
magnetic field; the arrangement required is shown in Fig. 32. With two 
coils mounted outside the neck of the tube as shown here the spot on the 
screen is deflected 1 cm. for about 10 ampere turns in the two coils. 

This type of oscillograph performs very important service in high- 
frequency circuits; the negligible mass of its vibrator (the beam of elec¬ 
trons) permits it to follow accurately frequencies measured in many mil¬ 
lions per second. It is rather inconvenient to obtain photographic records 
from the oscillograph, and a further limitation arises from the fact that the 
phenomenon to be photographed must be periodic and must last several 
seconds. 
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In the most recently developed type of oscillograph (Dufour) the 
electron stream is made to impinge directly on the photographic plate, 
which is in the same evacuated vessel as the electron stream itself. The 

thin beam of electrons moves over the 
photographic plate and affects the sensi¬ 
tized film just as light does. Upon de¬ 
velopment, t he path of the electron stream 
over the plate shows up as a narrow 
black line. This type of oscillograph will 
accurately picture the form of a current 
with a frequency as high as hundreds of 
millions of cycles per second or more, and 
does not re(|uire that the current be 
periodic. 

Rise of Current in an Inductive Circuit. 

—In Fig. 311 is shown an oscillogram of 
the current rising in an inductive circuit; 
it will be seen that the curnuit rises rapidly 
at first and gradually approaches its steady 
value. If the switch should b(^ opened 
quickly in such an inductive circuit a large 
arc will form at the point of th(' switch 
where the circuit is opeiual. 'Ehe energy 
stored in th(' magiu'tic field has to dis- 
apjx'ar wIkui tlu‘ curnuit di(\s to zero 
because there can b(‘ no magnc'tic field 
without curnuit.* Th(‘ gr(*ater the s(‘lf- 
induction of the circuit tlie greater is 
the amount of energy (for a given current) 
and the larg(‘r will b(‘ th(‘ arc when op(uiing 
the circuit. Th(‘ d(‘cay of current in an 
inductive circuit cannot be well examined 
therefore by op(*ning the circuit, but it can 
be shown by short-circuiting the coil in which the current is flowing. 
In such a case the current dies away on a logarithmic curve quite similar 
to the curve of current rise. The efiuation of current decay is quite 
similar to that of the current rise and is 



Fig. 32.—By using coils, of a f(!\v 
turiLS, mounted as shown tiero, 
the t)earn may be used to show 
the variation of a magnetic field, 
hence current. 


(< 


m 


(13) 


where the letters have the same meaning as in Va\. (12). 

‘ This statement of course neglects any residual field left in iron parts of the mag¬ 
netic circuit when the current has fallen to zero. 
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Fig. 33 serves also to show this effect, the circuit having been arranged 
as shown in Fig. 34. The battery D was connected to the inductance 
C through a low resistance E and switch A. The oscillograph was connected 
in the circuit at the point 0. A second switch B served to short-circuit 
the coil so that the decay of current in it could be shown as well as the rise. 



Fto. 33.—Oscillogram showing rise and fall of current in an inductive circuit. 


\\'ilh B ojK'n, .1 was closed and so the oscillograph recorded the rise 
of current; wlien the current had reached its steady state switch B was 
closed, and the decay of current in the coil was recorded. The resistance 
E was used in the circuit to prevent the short-circuiting of the battery 
when B was closed. 

The curves of rise and decay are just as is predicted by Eqs. (12) and 
(13); the two curves showa slight difference in the rate of change of current, 
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-Cirouit ustxi to ohtaineil oscillograms of 
growth and decay of current. 


stant was greater for the 
decaying current than for 
the rising current; the ris¬ 
ing current had for its resistance that of the coil, that of the battery, and 
^hat designated by Ey while the decaying current took place through the 
resistance of the coil only. 
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In inductive circuits it may take several seconds before the current 
reaches its steady state value given by the relation I = E/R. Directly 
after the switch is closed the current is of course zero; it starts to rise on 
a practically straight line, the slope of which gives the rate of change of 
current. This rate of change is given by the expression dildi — EILy 
where E is in volts, L is in henries, and the current change is in amperes 
per second. Thus the coil used in Fig. 33, connected to a 10-volt storage 
battery, would show a rise of current immediately after the switch is 
closed of 10/.0415 = 240 amix'res per second. 

Effect of Rising and Decaying Currents on Neighboring Circuits.—As 
the current in the coil increases and decreases it must induce electro¬ 


motive forces in any neighboring circuits which are so placed that they 
link with its magnetic field. If the neighboring circuit is closed, current 
will flow in one direction when the current in the first circuit is rising, 
and in the opposite direction when the currentfin the first circuit is falling. 
Hence when a circuit is closed and current starts to flow, all neighboring 
circuits, if closed, will have currents m one direction and in the opposite 
direction when the circuit is opened. The equations for currents in such 
an arrangement are cumbersome, but may 1x3 found in any good theoretical 
texts dealing with electric circuits.^ 

To bring out this fact a circuit w^as arranged as shown in Fig. 35; one 
oscillograph vibrator was introduced at C and the other at D. The cur- 
^ rents which flowed in each circuit 



Fig. 35.—Circuit used to ot)tain o.^ciiloj^ram 
of currents in coupled circuits. 


during the opening and closing of 
switch E is show'n in the oscillo¬ 
gram given in Fig. 36. When 
the switch was closed current in 
coil B flow(‘d in the opposite direc¬ 
tion to that in coil A ; when the 
switch w'as opened the current 
in B flowed in the reverse direc¬ 


tion. The rather irregtflarly shaped curv(‘ of ciirn‘nt at the time of open¬ 
ing the switch w'as due to the fact that an arc formed at the point of 
opening the circuit so that although th(^ switch was ofxm the circuit was 
not open, the arc serving to keep the circuit closcid. As the resistance 
of the arc w^as indefinite and variable the current naturally followed no 
regular curve. 

Magnetic Flux, not Current, Shows Inertia.—We quite generally say 
that in a coil the current cannot be quickly chc'inged because of the self- 
induction of the circuit. The current ris(‘s on a logarithmic curve as 
given by Eq. (12), and decays according to ]{lq. (13), both of which lead 
one to believe that the current itself is what cannot change rapidly. A 


‘See Berg, ^^Electrical Engineering, Advanced Course,’^ pp. 51, et seq. 
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more correct analysis shows that the current in an inductive circuit resists 
change only in so far as the change in current is accompanied by a corre¬ 
sponding change in the magnetic flux of the circuit. If by some means 
we can change the current in a coil without changing the flux rapidly, 
then the current may rise and fall as suddenly as it does in a purely resistive 
circuit. 

Now if we have two coils closely intermeshed on the same magnetic 
circuit, we get a phenomenon like that of Fig. 36, but the results are 
more striking. Fig. 37 shows what happens in this case. One coil was 
connected to a source of current through a switch and the other coil, 
identical with the first, was short-circuited. Each coil had about one 
henry of self-induction. 

It will be seen that in closing the switch the current in the first coil 
immediately rose to practically its final value, whereas from the con- 



Fig. 37.—Showing that current in an inductive circuit can change very rapicily if another 
coil on the same iron core is short-circuited. The irregularity in both currents soon 
after the switch was closed is due to imperfect closure of the hlade in its clij)s. 


slants of the circuit it should have taken a second or more. But it will 
be noticed that as soon as the switch was closed a current flowed in the 
short-circuited coil, and this current wan in the opposite direction to that 
in the first coil. Furthermore, directly after closing the switch the current 
in tlje second coil is practically as large as that in the first coil. As both 
coils have the same number of turns, and are on the same core, there are 
evidently two opposite, and practically equal, magnetomotive forces 
acting in the core, so that no flux is set up in the core in spite of the large 
current flowing in the coil connected to the power supply. 

The current in the second coil now starts to decay, following almost 
exactly Eq. (13). As this secondary current dies down (primary current 
remaining practically constant) the net magnetomotive force acting in the 
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magnetic circuit increases and the flux builds up, and it builds up in the 
logarithmic curve corresponding to that given for current in Eq. (12). 
We can see then that it is the flux, not the current, which shows inertia, 
or the tendency to resist change. 

When an inductive circuit is opened we always expect to get an arc 
at the point of opening, and say generally that this arc is caused by the cur¬ 
rent in the coil refusing to change rapidly. But the oscillogram of Fig. 37 
shows this is not so. When the switch was opened the current in the 
first coil dropp('d immediately to zero and there was no arcing at the 
switch. It is seen, however, that when the switch of coil No. 1 is opened, 
causing its current to drop to zero, that coil No. 2 immediately assumed 
a current just equal to that which had been flowing in coil No. 1 and 
in the same direction. In other words, circuit No. 2 immediately assumed 
the task of maintaining the flux of the circuit at its proper value. The 
current in coil No. 2 now dies down as given by Eq. (13), and as there 
is no current in coil No. 1 the flux of the core follows the current of coil 
No. 2, thus falling ofl in accordance with Eq. (13). 

Current Flow on Connecting a Condenser to a Source of Continuous 
E.M.F. —When a condenser is connected to a source of continuous e.m.f. 
the condenser lakes sufficient charge to bring its plates to a difference of 
potential ecjual to the e.m.f. of the source to which it is connected. This 
charging would take place instantaneously if there were no resistance in 
the circuit. But the generator or battery to which the condenser is 
connected always has resistance and the condenser itself has a kind of 
resistance due to the losses occurring in its dielectric, all of these resistance 
factors act in such a way that the 
condenser takes an appreciable time 
to charge itself. 

A circuit was arranged as shown 
in Fig. 3S; .1 is a 100-volt bat¬ 

tery, B and D are switches, G is 
the condenser to be charged or dis¬ 
charged, O is the oscillograph vi¬ 
brator, and li is a resistance wliich 
represents the total resistance of the Fig. 38.—Circuit useii to obtain oscil- 

circuil, battery, connections, con- loK™m of charge and discharge of a 
. , comlenser. 

denser, etc. 

The equation for the current which flows in such a circuit is given by 

.(14) 

where £' = tho battery voltage in volts; 
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Fig. 39.—Oscillogram of charging and discharging current 
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72 = the total resistance of the circuit in ohms. This resistance is 
exclusive of the infinite resistance between the plates of the 
condenser: 

(7 = the capacity of the condenser in farads. 

If now switch B is opened and switch D is closed, the condenser will 
discharge and the current will be given by 



where the letters have the same meaning as they have in Eq. (14). This 
current is evidently of the same shape as that taken by the charging 
operation with the exception that there is a minus sign before it; this 
signifies that the discharge current is of the same form as the charging 
current, but it flows in the opposite direction. 

Time Constant of a Condenser Circuit.—The quantity RC is called 
the time constant of the condenser circuit; it is evidently the time taken 
for the current to fall from its maximum value to 37 per cent of this value. 
Another way of defining the time constant of a condenser circuit is in 
terms of the charge on the condenser; the time constant is the time required 
for the condenser to acquire G3 per cent of its final charge or, in the case 
of the discharging condenser, it is the time required for the condenser 
to lose 63 per cent of its charge. 

Fig. 39 shows an oscillogram of charge and discharge which was taken 
from the circuit shown in Fig. 38. Some extra resistance must be neces* 
sarily added to the inherent n'sistance of the battery and condenser 
Ix'cause the time constant of such a circuit is excessively small, too short 
for the oscillograph to function. Thus a l-microfarad condenser in 
series with 2 ohms (a probable value for the battery) would have a 
time constant of 0.000 002 second, that is, the current would rise instan¬ 
taneously upon closing the switch, to some value (depending upon the 
voltage used in charging) and in 0.000 002 second would have fallen to 
37 per cent of this value, and in a correspondingly short time would 
have dropped to practically zero. Such an instantaneous occurrence 
is too rapid even for the oscillograph, hence to increase the time constant 
to a value suitable for the use of the oscillograph an extra resistance 
had to be introduced in the circuit. 

The effect of adding resistance in series with a condenser to be charged 
is shown by the curves of Fig. 40; these were calculated from Eq. (14). 
They show that the initial current is cut down as the resistance is increased, 
in fact being equal to E//2, and that the duration of the current increases 
with the increase of resistance. The area between the A" axis and any one 
of the curves is the same; this area represents the quantity of electricity 
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on the condenser and so must be the same for all conditions, because the 
quantity of electricity on the condenser after the charging process is com¬ 
plete is the same no matter what the resistance of the circuit may be. 

Power Expended in a Continuous-current Circuit.—If a current of / 
amperes is caused to flow through a circuit by an e.m.f. of E volts the 
rate of doing work in the circuit is 

Watts = A7.(16) 

If the circuit has a resistance R we know that E = IR and so 


from which we get 


Watts = /«X/ = /-7e 


R = 


Watts 


(17) 

(18) 



Fig. 40.—Condenser charging currents for different values of scries resistance. 


Eq. (18) is important; it is the broadest possible definition for the 
resistance of a circuit. This formula gives the resistance for any kind of 
current flow, whether continuous, pulsating, or alternating. In words it is 
stated thus: the effective resintance of a circuit is equal to the amount of 
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power consumed by the circuit divided by the square of the current required 
to supply this power. 

In simple c.c. circuits Ohrn^s law is sufficient to obtain the resistance 
of the circuit, but there are many cases especially in a:C. work, where 
lOq. (18) affords the only feasible means of determining the resistance of 
the circuit. 

Power Consumed in a Circuit Excited by Pulsating Current.—In case 
the voltage or current of a circuit, or both of them, are pulsating the power 
consumed in the circuit cannot be obtained by using the product of the 
average voltage by the average current, as might at first seem correct; 
an error would be introduced generally making the calculated power 
consumed too low, the amount of this error depending upon the amount 
of fluctuation. ''I'he greater the amount of fluctuation or pulsation of 
the current or voltage, the greater is the error introduced. 

The power is accurately obtained however by taking the product of the 
effective resistance of the circuit and the square of the effective value of 
the current. The derivation of the effective value of the current may 
be difficult; it can always be carried out graphically if the form of the 
pulsiiting curnuit is accurately given, but is not easily calculated by 
ordinary anllimetic unless the form of the pulsation is very simple. Thus 
supfK)se that a pulsating current is simple enough to be represented by 
a continuous current, with a sine wave alternating current superimposed, 
as shown in Fig. 41. The actual pulsating current A is sufficiently well 
represented by the 
continuous current 
By of amplitude /j, 
and a sine wave 
current C, of maxi¬ 
mum value / 2 . The 
effective value of 
such a current is 
given by taking the 
square root of the 

sums of t he square s — Pulsating current equivalent t-o a continuous current 

of the effective with alternating current superimposed, 

values of the two 

components. The effective value of the continuous current is the same 
as its actual value, I\ ; the effective value of the sine wave of current is 
the square root of one-half its (maximum value)”. Hence the effective 
value of the pulsating current is \/ 1 i” + i/ 2 “- The power used when 
such a current flows through a circuit of resistance R is 



Watts xxsoxi — Ii^R+hl 2 “R 


(19) 
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If the average value of the current were used in calculating the power 
used, the pKDwer represented by the second term would be completely 
neglected, and so an error would be incurred equal to \I 2 ^R- The amount 
of this error depends upon the amount of pulsation of the current. In 
such a circuit as the primary circuit of a spark-coil transmitting set excited 
by storage battery the error would be very large, and the power used in 
the circuit cannot be calculated at all accurately without knowing the form 
of the current flowing in the primary winding of the coil. 

The above statement is made with the idea in mind that in such a 
circuit as this, excited by storage battery, a d.c. ammeter would be used 
in measuring the current. Now such an ammeter reads average values 
and so would read, when excited by such a current as sketched in Fig. 41, 
only the c.c. component. Hence the error pointed out would occur. 
If, how'ever, an a.c. ammeter were used for reading the current, the error 
would not occur, because such an ammeter redds effective values^ and not 
average values. If the power used in a pulsating-current circuit is to be 



to 





amperes 
— 1 _ 





075 sec. ^ 075 —»\ 

.025 second ,C25 


Fia. 42.—A unidirectional pulsiiting cur¬ 
rent, of rectangular form. 



.06 sec. - >|<—*05 sec.—>|<—*06 sec.- >| 


Fio. 43 .—A pulsiiting current consisting 
of triangular pulses of current. The grid 
current of a triode may have nearly this 
form. 


accurately determined, therefore, an a.c. ammeter must be used to measure 
the current. 

In case the current is of the fonn of a rectangular pulse it is compara¬ 
tively easy to calculate the average value, the (effective value, and so the 
heating effect; this current is illustrated in Pig. 42. Here we have a 
rectangular pulse of current of 10 amperes amplitude, lasting one-quarter 
of the tenth second cycle. During three-quart (ts of the cycle the current 
is zero. 

The average value of such a current is evidently one-quarter of 10 
amperes, or 2.5 amperes; this is what a c.c. ammeter would read. The 
square root of the average square (effective value) is obtained by first 
finding the average squared current. As the squared value of the current 
is 100 and this lasts one-quarter of the cycle the average square is 25. 
The square root of this is 5, and this is the current an accurate a.c. ammeter 
would read. One ammeter reads 2.5 amperes and the other reads 5 
amperes—and both are correct. 

In the case of a triangular pulse of current, as shown in Fig. 43, the 
average value of current is readily calculated to be 2.5 amperes, the same 
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as for the rectangular pulse. The average squared value of current is 
found after it is noticed that the triangular pulse becomes one with para¬ 
bolic sides, after each ordinate is squared, and the average height of such 
a parabola-bounded area is one-third the maximum value. As the 
pulse lasts one-half the cycle the average value of the squared pulse 
is one-sixth the maximum, or 100/6. The effective value is the square 
root of this averag(‘ s(|uare, or 4.08 amperes. 

The two pulses of Figs. 42 and 43 will therefore give the same reading 
on a c.c. ammeter, whiTeas one of them gives a reading of 5 amperes and 
the other only 4.08 amperes, on an accurate a.c. meter. 

4"he above analysis of the power used in pulsating-current circuits 
holds good only when the resintarice is constant throughout the cycle 
of current variation. In many circuits this is not so, the resistance being 
a function of the current and so changing as the current changes. The 
calculation of the power used in such a circuit is not easily measured by 
ammeters and voltmeters; either a wattmeter or the oscillograph should be 
used. The wattmeter is an instrument having two windings in the same 
case, one corresponding to an ammeter and the other to a voltmeter. 
An analysis of its action and the way in which it is used will l>e taken 
up in a subsequent paragraph dealing with the power used in an a.c. circuit. 
The oscillograph, giving the form of voltage curve and current curve, 
makes it possible to calculate the power by graphical methods. 

Current Flow in an Alternating-current Circuit Having Resistance 
only. Phase.—If an a.c. generator is connected to a circuit having 
resistance only the relation between current, resistance, and voltage 
is given by ()hm\s law. It is, of course, impossible to construct a circuit 
with resistance only a circuit must have some inductance and 
capacity no matter how it is built, but if the amount of inductance and 
capacity are so small that their influence upon the current is negligible 
compared to the influence of the resistance, the circuit may be considered 
to have nothing but resistance oppo.sing the flow of current. The filament 
of an incjindescent lamp is such a circuit. A rheostat constructed of high- 
resistance wire may be considered to have no inductance when being used 
in ordinary a.c. circuits, such as used for power and lighting, but such 
a rheostat would probably have such an amount of inductance that when 
used in a circuit of radio frequency it would be by no means negligible. 
It follows that a certain piece of apparatus might be considered free 
from inductance for some uses, but for other circuits the inductance might 
be of considerable importance. 

In a circuit having resistance only the current and voltage have the 
same phase and are similar in form. A current and voltage are said to 
be in phase when they pass through their corresponding values simulta¬ 
neously. The easiest point from which to judge the equality of phase is 
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the zero value; if the two curves pass through their zero valuer, in the 
same direction, at the same instant they are in phase. In case the current 
passes through its zero value after the voltage has passed through its zero 
value it is said to be a lagging current] if it goes through the zero value 
before the voltage it is said to be a leading current. 

In Fig. 44 are shown curves of current and voltage with (a) current 
and voltage in phase, (6) vith current lagging behind the voltage by the 

angle 0, and (c) 
with the current 
leading the voltage 
by the angle 0. 

The magnitude 
of the angle of lag or 
lead may Ix' easily 
a p p r o X i m a t e d 
when it is remem¬ 
bered that the time 
from one zero point 
to the next zero 
point of the same 
curve is 180°; in 
curve b the current 
lags by about 30° 
and in curve c the 
angle of lead is 
alx)ut 70°. 

In case the cir¬ 
cuit has resistance 
only the relation between voltage and current is expressed by Ohm’s law, 
whether instantaneous, maximum, or effective values arc considered. 
Thus the equation for current flow in this circuit is 





Fia. 44.—Phase diffei^nce of alternating current and voltage. 


I 


E 

ir 


( 20 ) 


Power Used in a Resistance Circuit. —The rate at which electrical 
energy is changed into heat by a current i flowing through a resistance 
R is as has been shown for c.c. circuits. Or, as we know that for the 
circuit e = iR, we have, 

Rate of heat development = power used = ei 

The power curve has the form shown in Fig. 45; it is at all ^imes posi¬ 
tive, because although both e and i go through negative values they 
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both reverse at the same instant; the product, therefore, is constantly 
positive. The maximum value of this power curve occurs when both e 
and i pass through their maximum values and is therefore equal to Emim- 



Fkj. 45.—Power curve for an alternating-current circuit containing resistance only. 

If the eciuation of current is 2 = /^ sin o)t and the equation of voltage 
is e — Em ^^in the equation of the power curve must be 

P = K„J,n SiU” Oit 


= iA\J.,(l-cos2a;0.(21) 

The average vtilue of cos 2a'/ is zero, hence the average value of power 

= .( 22 ) 

It is seen therefore that the power (in watts) used in an a.c. circuit con¬ 
taining resistance only is the product of volts and amperes, as read by 
a.c. voltmeter and ammeter. 

Power Used by Pulsating Current.—The idea of power used in a circuit 
with pulsating current and voltage is of great importance in the operation 
of vacuum tubes. It is frequently necessary to know the amount of 
power used in heating the plates of a vacuum tube, for example, and 
the current and voltage involved are unidirectional, but have wide flucta- 
tions. As the circuit is carrying a unidirectional current it would be 
natural to use c.c. ammeters and voltmeters to get readings and multiply 
the amperes and volts so measured to get the power in watts. This product 
would be by no means the power used on the plate. 

A theoretical case (not quite obtainable in actual circuits) is shown 
in Fig. 46. The voltage on the plate has a sine-wave pulsation between 
zero and 4000 volts. A c.c. voltmeter would read the average value, 
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namely, 2000 volts. The current has a sine-wave pulsation between 
zero and 1 ampere, having its maximum value when the plate voltage 
is a minimum. (This seems absurd, but is actually so, as will be explained 

in Chapter VI.) A 
c.c. ammeter reading 
this pulsating current 
would read the average 
value, or 0.5 ampere. 

The product of 
ammeter and volt¬ 
meter readings would 
be 1000, so it would 
Fig. 46. — In vacuum-tube circuit.s currents and voltages be concluded that 1000 

approximating these forms may occur. . . ^ 

* ^ ^ ' watts of power were 

being used on the plate. Actually only 500 watfs are being used. 

We calculate first the amount of power used by the steady (continuous) 
components of voltage and current; this gives 1000 watts. Next we 
calculate the power due to the sine-wave components of voltage and current 
and notice at once that the sine-wave components of voltage and current 
are 180out of phase. Then the power due to these must be reckoned as 
negative. Now the effective value of the sine-wave component of voltage 

2000 , ^ . , . , . 
is — 7 = volts. The effective value of the sine-wave component of current 
V2 


is —amperes. The product of these effective values is 500 watts, and 
2V2 

because of the 180° phase relation we must reckon this as ( — 500 watts). 

The total power, used on the plate therefore is 1000 — 500 = 500 watts. 
In this case the power indicated by c.c. meters is twice as large as the 
actual value. 

If the phase of the sine-wave components of current and voltage should 
change 180°, bringing volts and current in phase, the true power would 
be 1500 watts, whereas the c.c. meter would again indicate 1000 watts. 

Meters Used in A.C. Circuits. —It must Ix) remembered that the 
ordinary c.c. instrument, ammeter or voltmeter, will not read at all if 
used in an a.c. circuit. Such instniments read the average value of volt¬ 
age or current and, in an a.c. circuit the average values are zero. To 
read correctly on an a.c. circuit an instrument must give the same read¬ 
ing on a c.c. circuit, no matter which way the continuous current is 
flowing through it; ^ everyone familiar with the ordinary c.c. instrument 
knows that if the connection of the meter to the circuit is reversed the 
reading will reverse. Such an instrument, if actuated by an alternating 

‘ This excludes the induction type of meter, which is practically never used in radio 
measurements. 
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current, would tend to oscillate between a certain direct reading and 
the equal reversed reading, but, as the alternating current reverses too 
rapidly for the needle of a meter to follow, it is evident that the meter 
would read zero no matter how much current was flowing through it. 

Various types of meters arc suitable for use on an a.c. circuit, the 
dynamometer type, the soft-iron vane type, the induction type, the 
chermocouple type and the hot-wire type. The last two types named 
are used almost exclusively for making measurements in radio circuits, as 
it is practically impossible to make the other types function properly 
at the very high frequencies used in radio work. 

Transient Current on Switching a Resistance Circuit to an A.C. Line.— 
If a resistance circuit is switched to an a.c. line having no appreciable 
inductance the cur¬ 
rent rises instan¬ 
taneously to the 
value it should 
have, depending 
upon the value of 
the voltage at the 
instant the switch 
is closed, as shown 
in Fig. 47. This 

condition of affairs switchinj^ a resistance circuit to an a.c. 

is expressed by stat- 

ing that there is ‘‘ no transient current or no transient condition, after 
closing the switch; the current rises at once to the value it would have 
had (at the time of closing the switch) in case the switch had been closed 
at some previous time. 

Current Flow in an A.C. Circuit Having Inductance and Resistance.— 



Suppose that an inductance (without resistance) and a resistance, con¬ 



nected in series, are connected to 
an a.c. line so that a sine wave 
e.m.f. is impressed, as indicated 
in Fig. 48. Although the induc¬ 
tance must really have resistance, 
it is shown as resistanceless, all 
the resistance of the circuit being 
supposed concentrated in R. The 
current flowing in such a circuit 


Fig. 48.—Resistance and inductance in series 
connected to an a.c. line. 


depends upon four things, L, E, Ry 
and the frequency of the impressed 
e.m.f. Provided that L and R are 


constant throughout the cycle (do not vary with the value of the current) 
it is a fundamental law of electrical circuits that the current will have 
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the same form as the impressed force. We may therefore assume that 
the current is a sine wave and then find its magnitude and phase. 

The impressed voltage must be equal to the sum of the drops ir poten¬ 
tial across L and R. 

Suppose the current to be i = /m sin 

The drop across the resistance = ift = /m/i sin 

The drop across the inductance = LrfzA//= a;L/„, cos uit. 

The impressed voltage must be 

= Im{R sin o)t+(x)L cos oit) .(23) 

In Fig. 49 these two component voltages are shown as curves; the 
impressed voltage e must be equal at all times to the sum of the resistance 



Fig. 49. —Voltage components in an a.o. circuit containing inductance and resistance. 


drop and the inductance drop, and is so shown by the curv(‘ marked e in 
Fig. 49. 

A vector diagram representing the curves of Fig. 49 is given in Fig. 
50; effective values, instead of maximum values, are shown. From this 
diagram we have 


or 


E‘^ = P{R^- + iwLy) 
j _ft_ft _ft 


. (24) 


The quantity wL, or X/,, is called the reactance of the circuit and the 
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quantity Z is called the impedance of the circuit. The current lags behind 
the voltage by the angle 0, which is determined by the relation 


and 


cos 0 = 


li 

Z 


tan 4> 


Co/y 

It 


It 


(25) 

(26) 


Power Used in an Inductive Circuit.—"llie power used at any instant 


in the circuit of Fig. 48, is obtained by 
multiplying the instantaneous value 
of e by that of z; it is shown by the 
power curve in Fig. 51. For this 
circuit it is evident that th(' power is 
sometimes negative, i.e., the circuit, 
instead of drawing pow('r from the 
line, is actually furnishing power to 
the line. JOnergy which has been stored 
in the magn('tic field (jf the inductance 
is flowing back into the source of 
power supply. 



Fig. 50.—Vector diaf^rarn for an a.c. 
circuit containing inductance and 
resistance in series. 


The expression for the power is, 


p = E,„ sin Lct X Im sin (a;/ — 4>) 
-ErJm sin u'^Xsin (a/ —</>). 



Fig. 51.—Power curve for an a.c. circuit containing inductance and i-esistance. 


The average value of this expression is given by the average value of 
the expression j 

p = cos 0(1- cos 2cu0,.(27) 
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because the average value of Emim sin wt cos oit sin <#> is evidently zero. 
So average power is 

P = El cos <l> .(28) 

The power in the circuit is equal to the product of the volts and amperes 
in the circuit and the quantity cos 0. For this reason cos 0 is called the 
power factor of the circuit; it may have any value between unity and 
zero. In ordinary power circuits it has a value between about 0.7 and 
0.95, very seldom being unity. In some parts of efficient radio circuits 
the power factor may be as small as 0.005. 

The power may be expressed in tenns of current and resistance by 
changing the form of Eq. (28). 

R 

P = El cos <j) = El —-=== 

= IXlVK^+{o:Ly--y:=JL====PR. ... (29) 

vip+{wLy^ 

This equation for the power used in an a.c. circuit is really a definition 
of the effective resistance of the circuit; the resistance of the circuit, for 
alternating current, may be entirely different from the c.c. resistance 
of the circuit. There are many effects which combine to make the a.c. 
resistance sometimes several times as great as the c.c. resistance (or the 
a.c? resistance may be negative even, while the c.c resistance is positive) 
and the only way ^ of measuring this resistance is by use of Eq. (29). 
The power used in the circuit is measured by a wattmeter, the current 
by an ammeter, and the resistance found by the relation 


T-rr . . watts 

Eneclivc resist aiKe = ———. 


(30) 


Wattmeter. —It is generally not possible to measure the power used 
in an a.c. circuit by use of Eq. (28) Ix^cause the phase difference of the volt¬ 
age and current is not known and there is no easy method of measuring 
it directly. To get the power used in an a.c. circuit it is nearly always 
necessary to use a wattmeter. This is an indicating inst rument, resembling 
an ammeter or voltmeter externally, but differing from these instruments 
in that it has two independent electrical circuits. Two coils inside the 
instrument, one in shunt with the circuit, and one in series with it, react 
on one another to produce the force which moves the indicating pointer. 

‘ If the circuit is such that a measurement in an alternating current Wheatston* 
bridge is feasible, of course such method also is available. Even in the b*idge deter- 
piination the idea expressed in Eq. (29) is, however, involved. 
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The theory involved in its operation is explained in practically any text 
on a.c. measurements and will not be given here. The scale of the meter 
is calibrated directly in watts and, with a properly calibrated instrument, 
the reading of power is accurate no matter what the power factor may be; 
for very small power factors, and for circuits of frequency much higher 
than that for which the meter is intended, a correction may be necessary.^ 

The power factor of an a.c. circuit is then determined from the readings 
of three instruments, ammeter, voltmeter, and wattmeter. The power 
factor, cos 0, is the quotient of the wattmeter reading by the product 
of the readings of the other two instniments. If it is desired to know the 
angle 4> itself, it is only necessary to consult a table of natural cosines. 

It is generally not feasible to use a wattmeter to make measurements 
of power at radio frequency; the errors 
are too large. For the l()w-fre(|uency 
power supply of radio transmitters, 
however, wattmeter measurements 
are always used. It is to be pointed 
out that the rectifying apparatus 
generally interposed betweeen radio 
sets and the a.c. power supply in¬ 
troduce distortions in voltage or cur¬ 
rent (or both) of the power supply. 

No matter how badly distorted the 
voltage and current may be, how¬ 
ever, the wattmeter readings will be 
a correct measure of the power actually 
supplied. 

The power factor, as obtained by 
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Frequency 

Fig. 52 . —Current variation with fre¬ 
quency in an a.c. circuit containing 
inductance and resistance in series. 


the ratio of watts to volt-amperes, 

cannot logically be interpreted as the cosine of an angle however. When 
distorted voltages and currents are involved, the power factor must be 
thought of iis simply the ratio of the wattmeter reading to the product 
of the voltmeter and ammeter readings. 

The effective resistance of the circuit is obtained by finding the quotient 
of the wattmeter reading and the square of the ammeter reading. As 
stated before, this resistance will generally be very different from the 
resistance measured by a c.c. test. 

Variation of Current with Frequency in an Inductive Circuit —The 
magnitude of the current flowing in a circuit consisting of a resistance 
and inductance in series evidently depends upon the frequency (see 


Eq. (24)). 

At zero frequency (continuous current) this equation reduces to / = 
‘See Morecroft’s “laboratory Manual of Alternating Currents,” p. 11. 
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EjR. This relation holds good only after the switch has been closed long 
enough for the transient condition to disappear (see Fig. 33). 

At very high frequencies the resistance becomes negligible compared 
to the reactance, and so the value of the current is given, very nearly, 
by the equation / = £’/a;L. As the frequency varies between high and 
low values, voltage being held constant, the current varies as shown in 
Fig. 52; for frequencies sufficiently high that R is small compared to coL, 
the curve approximates a hyperbola, 

. 


Transient Current in a Circuit Having Inductance and Resistance.— 

After the switch has been closed for some time' th(T(‘ is always a definite 
relation between the instantaneous values of th(‘ current and voltage; 
for every cycle the two go through exactly corresponding values. Thus 

in Fig. 53, when e 
lias a maximum value 
AC, the current has 
the value A By and 
wheiKwer the voltage 
has the value AC 
the current will have 
the value AB. Now 
suppose the switch 
to be closed when 
the voltage has the 
value AC; the current 
should have the value 
ABy but in an induc¬ 
tive circuit the curr(*nt cannot rise instantaneously; this was shown by 
the oscillograms in Figs. 33 and 36. 31ie comph‘te ecjuation for the cur¬ 
rent in an inductive circuit must therefore includ(‘ a transient tenn as 
well as the term for the steady state; it is propiuly written 



Fig. 53.—Curv’cs of e and i in a circuit cont.ainint^ in¬ 
ductance and resistanc(.*, for stca<ly .state. 


Brn . . 

I— -sill (o./ — ^ .(^2) 

■ V/f- + (a7v)- 


The second part of the current, Ke is determined in magnitude 
by the value of the current, in the steady stat(‘, at the time in the cycle 
corresponding to the time in the cycle that the switch is closed. Thus 
in Fig. 54, at the time of closing the switch the current should have the 
value AB; this fixes the value of K in Eq. (32). In Fig. 54 are plotted 



CIRCUITS IIAVINC IRON-CORK INDUCTANCE 


67 


the steady value of the current the transient current Ke and the 
actual current for the first cycle after closing the switch; this actual 
current is the sum of th(^ other two. 

In Figs. 55 and 56 are shown oscillograms of the current flowing in 
an inductive circuit for the first few cycles after the switch had been closed; 
in one the switch was closed at the peak of the voltage and in the other 
it was closed when the voltage was very nc'arly zero. In Fig. 55 the effect 
of the transient tenn is plain; the current (steady value) has been plotted 
in dotted lines, as has also the transient term, the latter having been 
calculat(*d from th(‘ value of the steady current at the time the switch 
was closed and the L and R or i\m circuit. It may be seen that the actual 
current is correctly given by Kq. (32). In lug. 56 the switch was closed 



Fig. 54.—Curves nf c and i in a circuit containin*^ inductance and resistance for transient 

state. 


Jit that pjirt of the e.m.f. cycle which, in the steady state, is the proper 
time for the current to be zero; it is seen thjit for this case the transient 
term reduces to zero, and the actual current is represented completely 
by only the first term of hk]. (32). 

Circuits Having Resistance and Iron-core Inductance.—In case the 
L of the circuit, Fig. 4S, consists of jin inductance having a closed iron 
path for its magnetic circuit, the conclusions deduced above will not l>e cor- 
n'ct. The vjilue of L in this case is not constant, but varies throughout the 
cycle, and for this rejison the rehition between the current and voltage 
is a complex one'; the current in this case requires an equation with an 
infinite numl)er of tenns to express it accurately. The current, instead 
of l)eing sinusoidal, luis a decided hump, as shown by Fig. 57, which shows 
the magnetizing current of a closed-core transformer. 
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current into its two mathematical comi>onent8 is shown by the dotted curves. 
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Not only is the steady value of current in such a circuit irregular, 
but the transient current may show even greater irregularities. This 
irregularity may last for many cycles, depending upon the kind of iron 
used in the core and upon its condition of magnetization at the time the 
switch is closed, as well as upon the part of the cycle selected for the closing 
of the switch. Thus in Fig. 58 is shown the current in the primary circuit 
of a transformer for a few cycles after closing the switch; the transient 
current may be so large in this case that during the first cycle the current 
never reverses its direction. 

The rise of current in such an inductive circuit as this is not as simple 
as that illustrated in Fig. 33; the analysis given in explaining this figure 
assumed constant L, so will not hold good if L varies during the rise of 
current. The actual form of rising current in such a circuit, when con- 



Fig. 56.—Oscillogram illustrating absence of transient current in an inductive circuit. 


nocted to a o.c. lino, is shown in Fig. 59; it is quite evidently different 
from that shown in Fig. 33, wdiich was for an air-core inductance. 

A little reflection brings out the reason for this peculiar form. For 
low flux densities the iron is not saturated and so shows a high permea¬ 
bility. But high permeability means high self-induction, and hence a 
comparatively low rate of curnnt increase. Therefore, when the current 
is low, directly after the switch is closed, the current rises at a slow rate. 
After the current has risen to a value large enough to bring the iron near 
its saturation condition, the self-induction of the circuit, especially for 
current changes, is low and so the current rises rapidly. 

CoeflBicient of Self-induction for Current Changes.—As has just been 
pointed out, the self-induction of an iron-core coil varies as the current rises, 
being large for the smaller currents and diminishing as the core becomes 
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magnetically saturated. An ordinary definition of L, the coefficient of 
self-induction, gives its magnitude in terms of the interlinkages per ampere, 
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T 

? ‘' 


•/Jv , . > 




Fig. 58.—Oscilloj^ram showinj^ the transient current when switching an iron-core 

inductance to an a.c. line. 

the coil having an inductance of 1 henry if 1 ampere through the coil sets 
up 10^ int(‘rlinkages. 

Ix't us imagine a coil of 1000 turns, giving a flux-current relation as 


‘f'' 

''■on c/rcmr- 

ZZot. uett Ca/t of a SXk/l, 
tran^^rrricr <3.'/,co^ t;fce/ 

cxrrenf ^ 



Fig. 59.—Peculiar growth of current when an iron-core inductance is switched to a 

source of continuous e.m.f. 


shown in Fig. 60. With 1 .ampere there are 2 X lO'"’ lines of flux; this amount 
of flux, through 1000 turn.s, gives 2X10^* intcrlinkages, so the coil has 2 
henries of self-induction. With 2 amperes there are 3X10® flux lines and 






72 


FUNDAMENTAL IDEAS AND LAWS 


[Chap. 1 


the self-induction is correspondingly 1.5 henries. In a similar way, at 3 
amperes the coil shows 1.1 henries, at 4 amperes 0.85 henry, and at 5 
amperes it shows 0.68 henry. These values of self-induction have been 
plotted in Fig. 60. 

Now if such an iron-core coil is to be used as a “ choke,its [performance 
will be much different from what this current-self-induction curve would 
lead one to suppose. A choke coil is used to suppress the fluctuations, or 
ripples, in a unidirectional current; such coils are always necessary in the 
power pack of a radio set, in which alternating current is rectified into pul¬ 
sating unidirectional current, and the pulses then smoothed out by a filter 
using iron-core coils. 

Let us suppose such a current as that shown in Fig. 61, having an aver¬ 
age value of 4.5 amperes, but fluctuating Ipetween 4 and 5 amperes. Now 
according to ordinary theory these rippiles in the current will be opposed 
by an L dijdi voltage set up in the choke coil, but, as the current is varying. 




Fig. 60.—Flux-current curve for an iron Fkj. 61.—A iH)saible current from a recti- 
eore coil; the self-induction has been Tied power sup[)Iy. 

calculated, in terms of “ interlinkaj^es 
per am[)ere.” 


and correspondingly the self-induction is varying, the question arises—what 
value of L shall be used in the expression L dijdC! We might use the value 
of L at 4.5 amperes, but common s(*nse would indicate that the average 
value of L should be u.sed, which in this case would be 0.765 henry (slightly 
different from the value of L at the average current). Now such a value 
of L, substituted in the expression L di/dt^ would indicate a lot of choking 
action, and yet it will Ixi found experimentally that there is practically no 
choking action. This anomaly arises because of lack of appreciation of the 
derivation and significance of the fonnula used. 

The real choking action is caustnl by change in the flux interlinkages of the 
coil, and the expression Ldijdt is derived from this fundamental concept. 
Now inspection of the current-flux curve of Fig. 60 shows that when the 
current is increased from 4 to 5 amperes there is practically no change 
in flux interlinkages, hence practically no counter voltage due to changing 
magnetic field is set up when the current varies between these two limits. 
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If now we put the counter voltage (due to changing magnetic field) as 
equal to L di/dty we are forced to the conclusion that for current changes, 
between 4 and 5 amperes, the coil has no self-induction. It has a value of 
0.85 henry for 4 amperes and 0.68 henry for 5 amperes, but for current 
changes between these limits it has no self-induction, when this is viewed 
from the standpoint of counter voltage set up by the changing current, 
that is, counter voltage = L di/dt. 

Current Flow in a Condenser.—By the definition of a condenser no 
electrons can actually pass from one plate to the other; they are insulated 
from one another. If, however, a condenser is connected to a source of 
alternating e.rn.f., current will flow in this circuit, as may be seen by the 
reading of an a.c. ammeter placed in series with the condenser. 

Suppose a condenser of capacity C farads is connected to a line the 
e.rn.f. of which is given by the equation e = E sin coL The condenser will, 
of course, take enough charge to bring the potential difference of its plates 
continually equal to that of the line to which it is connected. As this 
impressed e.in.f. continually varies in magnitude and direction, electrons 
must be continually running in and out of the condenser to maintain its 
plates at the proper potential difference. This continual charging and 
discharging of the condenser constitutes the current read by the ammeter. 
The electrons, the motion of which constitutes the current, do not actually 
pass from one plate of the condenser to the other through the dielectric; 
they merely flow in and out of the condenser. With this idea in mind 
it is easy to see why the charging current of a condenser increases with 
the capacity of the condenser, and with the frequency of the impressed 
e.rn.f. 

The magnitude of the charging current is obtained as follows: 


Now 


so 


The charge q — Cc and the current i = dq/dt. 
q = CEm sin wt, 


i = CoCErn cos cot 


(33) 


This current is then of the same form as the impressed e.rn.f. (a cosine 
curve is similar to a sine curve in form) but leads it by 90° as shown in 
Fig. 62; its maximum value, in ami:M"res, is equal to coCEm^ 

In effective values the relation between the impressed voltage and 
the charging current is 

I = coCE = 2TfCE .(34) 

It is evident that, other things being equal, the charging current of a con¬ 
denser is directly proportional to the frequency of the impressed e.rn.f. 
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This should be contrasted to the inductive circuit in which the current 
varies inversely as the frequency, if the resistance is small compared to 
the reactance. 

The relation between the current and voltage may be written 


I = E^ 


27r/C 


E. 

x: 


(35) 


The quantity 


27r/C 


is called the reactance of the condenser^ generally 


specified as capacitive reactance to distinguish it from inductive react¬ 
ance, 27r/L. 

Effect of Condensers and Coils on Wave Shape.—The voltage form of 
an ordinary alternator is never a pure sine wave. Its general form is 
that of a sine wave, but there are rippleS in this form, as is well illustrated 



Fio. 62.—Current and voltage for a perfe(!t condenser connected to an a.c. line. 

by the voltage wave in Fig. 57. These ripples are due to the fact that 
the alternator generates voltages of other than its main, or supposed, fre¬ 
quency. Thus the voltage of Fig. 57 is that of a 60-cycl(^ alternator, 
but a careful analysis of the w’ave shows that in addition to the GO-cycle 
voltage the machine was generating two other fre(iu(*ricies, namedy, 660 
cycles and 780 cycles. The magnitude of th(‘se oth(‘r freciuencics is small 
compared to that of the fundamental voltage, so that they appear as 
ripples on the 60-cycle sine-wave fonn. 

Now an important question for the radio engineer to consider has 
to do with the shape of current which flows in a circuit connected to such 
an alternator. Will the current more or less distorted than the impressed 
voltage? An examination of Fx|. (81) shows that the current through 
an inductive circuit varies inversely with the frequency of the impressed 
voltage, while Eq. (35) shows that in a capacitive circuit the current varies 
directly with the frequency of the impressed voltage. 
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It is a fundamental 'property of electric circuits having constant L, (7, 
and Rj that if several voltages^ of different frequencies^ are simultaneously 
impressed^ the current due to any one of these voltages can he calculated on 
the assumption that it alone is active in the circuit. In other wordsj each 
one of the component voltages can be treated alonCj its current foundj and 
the actual current will he the sum of the currents due to the individual voltages. 
From this considenition, and from Eqs. (31) and (35), it therefore 
follows that, if a voltage having ripples is impressed on an inductive 
circuit, the current which flows will have ripples, but they will be much 
less prominent than they are in the voltage wave itself. That is, the 
current wave is smoothed out by the effect of inductance. In a con- 
densive circuit, however, the ripples will be exaggerated and the current 
wave thus mwc/i more distorted than is the voltage itself. 


l/olfa^e 




Fio. 03.—Sliowin^ tlio |)(‘culi:ir form of current in a condenser when connected 
to a cert Min commercial form of alternator. 

If till' volt ago of Fiji. '>7 is impressed on an inductive circuit (having 
low resistance'), th(' rij^ph's in the current will be about one-twelfth as 
prominent as tliey are in the voltage. If the voltage is impressed on a 
condenser (liaving low effective .sc'iies re.sistance), the ripples in the current 
will be about twelve times as pronounced as they arc on the voltage wave. 
'I'his fact is well brought out by the oscillogram of Fig. 63, which shows the 
charging current of a. condenser, connected to a small alternator, of ordi¬ 
nary design. If the voltage is impressed on a resistive circuit (having 
neither inductance nor capacity) the current will be of just the same 
shape as the voltage, the ripples being just as pronounced as they are on 
the voltage, an<l no more so. 

Condenser and Resistance in Series.— If a condenser and resistance 
are connected in series and a sine wave of voltage is impressed, a sinu¬ 
soidal current will flow; its magnitude and phase depend upon the 
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Ry Cy Ey and / of the circuit. Suppose this current to be given by 
i = Im sin wL 

The resistance drop = ImR sin 


The capacity reactance drop, in magnitude, is cos u)t. But as shown 

0)6 


before, the current leads the voltage impressed on a condenser; the capacity 
drop is therefore properly written, 


Capacity drop =-^ cos o)6 

0)6 


The impressed voltage must be the sum of the drop over the resistance 
and that over the condenser and is so shown in Fig. 64. The current leads 



Fig. 64.—Voltage and current curves for circuit containing H and C in series. 


the impressed voltage by the angle 0, the magnitude of which is fixed by 
the relative magnitudes of the reactance and resistance drops. 

The three curves of Fig. 64 are represented vectorially in Fig. 65, 
effective values being used instead of maximum values. From this vector 
diagram we have 

or 
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and 


1 


tan <t> = 


0)C 

It 


1 

o)CR 


(37) 


The current in the circuit, as shown in Eq. (36), evidently depends upon 
the frequency; its variation as the frequency is changed is shown in Fig. 
66. At very high frequency the current approaches the value E/lty the 
capacity reactance being negligible, while at zero frequency the current 
is zero, the condenser being equivalent to an open circuit. 

Transient Current in a Circuit Consisting of Resistance and Condenser 
in Series.’ —In general there will be a transient current when switching 



Fkj. ()5.—Vector diji^rarn of voltiiKcs and 
current for circuit containing R and (\ 


Fkj. ()t).—Variation of current with 
frc(iuency in circuit containing R and 
C in series. 


such a circuit to an a.c. line; the duration of the transient term is so 
short, however, on all commercial circuits that an oscillogram shows the 
current rising immediately to its proper value, this being fixed by the 
time on the e.m.f. cycle that the switch is closed. 

Current Flow in a Circuit Having Resistance, Inductance, and Capacity 
in Series. —The current flowing in the circuit shown in Fig. 6T will require 
three components of e.m.f.; the resistance drop lit, the inductance drop 


27r/L/, and the capacity drop 


27r/C' 


The resistance drop is in phase 


with the current, the inductance drop is 90° ahead of the current and the 
capacity drop is 90° behind the current. These three components of the 
impressed e.m.f. are shown vectorially in Fig. 68. The two reactance 
drops evidently tend to neutralize one another. 
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The total reactance drop 

•^'^'''-2^. 

The resultant required impressed voltage' is seen to be 

+ .( 39 ) 


and the magnitude of the current may be written 



Fig. 07.—Circuit roritairiiri« /r*, L, Fig. tiS. —Cector <liH|<rarn of 

and C in .series. and current for circuit contuinini^ 

L and (' in seri(‘s. 


The phase difference Ix’tweeii impress(*d voltage* and curre*nt is fixeel by 
the equation 



The reactance of the circuit mtiy either be positive or negative, acceireling 
to which component of the reaictance pre'eleiminate's. If 'ZttJL is greater 


than 


1 

27r/C 


the reactance is positive and the^ current lags, whereas if the 


capacity reactance is the greater, the current leads the impressed e.mi. 
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The magnitude of the current will evidently depend upon the frequency 
and will have about the form shown in Fig. 69. At zero frequency the 
condenser offers infinite reactance so the current is zero; at infinitely 
high frequency the inductance reactance becomes so great that again the 
current approaches zero; at some intermediate frequency the inductance 
reactance just balances the capacity reactance so that the total reactance 
is zero. For this frequency the current has a maximum value, as shown 
for frequency /r in Fig. 69. The form of this curve could have been pre¬ 
dicted by considering the two curves given in Figs. 52 and 66. 

Resonance. —For such a circuit as shown in Fig. 67 there will always 
be one frequency which will give a total reactance zero; this will be true 
no matter what values of L and C 
may be chosen. At this frequency 
the current wUl be in phase with 
the e.m.f. and its magnitude wall 
be a maximum, being limited only 
by the resistance of the circuit, 

I = E/R. 

The frequency at which this 
occurs is called the resonant fre¬ 
quency of the circuit; it is at this 
frequency that most radio circuits 
are operated. 

Unless care is exercised when 
perfonning experiments on res¬ 
onance the condensers used in the 
circuit will be spoiled by the punc¬ 
turing of the dielectric at the resonant frequency. For any frequency 
whatever the drop across the condenser is fixed by the relation, 




0 20 40 GO bO 100 120 140 160 l&O 200 220 

Frequency 


Fig. 69.—Variation of current with fre¬ 
quency in circuit containing E, L, and 
C in series. 


If we substitute in this equation the value of the current, in terms of 
impressed voltage and resistance we get, at resonance, 




1 

2ir/C/f 



(42) 


As the value of XJR may be much greater than unity, so the voltage across 
the condenser may be many times as great as the unpressed voltage; 
in a certain laboratory circuit used in performing low-frequency resonance 
tests the drop across the condenser at resonant frequency is eighUen times 
as great as the impressed voltage. At this frequency the drop across the 
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inductance is equal to that across the condenser, but this excessive voltage 
across the inductance coil will generally do no harm. In a very efficient 
radio circuit it is possible to have the drops across the inductance and 
condenser each 400 times as great as the impressed voltage. 

Actually the circuit of Fig. 69 is generally made up of a coil in series 
with a condenser only; no resistance is actually added in the circuit. 
The resistance Ry therefore, is to be regarded as the resistance of the coil 
itself. (The condenser always has some small value of equivalent series 
resistance, but at power frequencies it is so small compared to the 
resistance of the coil that it can generally be neglected.) 

R 

Then :_ = i is the power factor of the coil. Now in radio 

V72-’+2ir/L- 

circuits the reactance of the coil, 2 t/L, is much’greater than its resistance, 
Ry on the average perhaps fifty to one hundred times as great. Then 
we may write, with negligible error 

R R 

==——== cos </>L. 

VR‘^+27rfL^ 


Even if 2 t/L is only ten times as great as Ry the error resulting from this 
approximation is only ^ per cent. 

At resonance - ^" = 27r/L so we may write, for Eq. (42) 


27r/C 


^ 2irfL ^ 1 

Ec = EX-~ = E -. 

R cos 4>l 


(43) 


The series resistance of the condenser has been considered negligible, 
as is generally permissible. 

From this equation we get the convenient relation that at resonance the 
voltage across the condenser is equal to the voltage impressed on the circuit 
multiplied by the reciprocal of the power factor of the coil. 

Resonant Frequency. —A circuit is said to be resonant when the reac¬ 
tance is zero. Therefore we have for the resonant frequency 


27r/L = 


1 

2ir/C 


/rom which we get the value of the resonant frequency 




1 

2kVlC 


(44) 
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In this equation L must be in henries, C in farads, and / will be in cycles 
per second. As the microfarad is the usual unit of capacity a more con¬ 
venient form is 


1000 

~2tVlc’ 


(45) 


C being in microfarads. In determining this frequency the separate values 
of L and C do not matter; the product LC is the quantity which fixes 
the critical frequency. That is, a circuit having L = 0.24 henry and C= 10 
microfarads will be resonant at the same frequency as one which has 
L = 0.06 henry and C = 40 microfarads. 

In the accompanying table (pp. 82-83) is shown a set of inductance and 
capacity values which produce resonance, in the range of frequencies 



Frequency Capacity 


Fig. 70.—Effect of resistance on resonance Fig. 71.—Variation of current with 
curve. capacity in a resonant circuit. 


generally encountered in radio practice. For ordinary tuned circuits most 
suitable values of capacity will be obtained by selecting such values of L and 
C that the inductance, in microhenries, is about the same as the capacity in 
micro-microfarads. Thus for a frequency of 500 kc., use 338 microhen¬ 
ries and 0.0003 microfarad. 

The sharpness of the resonance curve is determined by the resistance 
of the circuit; the inductance being fixed, the less the resistance the more 
sharply defined is the resonant frequency and the larger is the current 
at the resonant frequency. In Fig. 70 are shown the resonance curves 
obtained for a circuit having L = 0.15 henry and C = 28.5 microfarads. 
The one curve shows the variation of current with a circuit resistance of 
5.8 ohms and the other shows the same thing after the resistance had 
been increased to 17.2 ohms. 

In a low-resistance circuit the resonance is said to be sharp and in 
a high-resistance circuit it is said to be flat or dull. 
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CAPACITY IN MICROFARADS 
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Series Resonance with Varying Capacity—Decrement. —If the fre¬ 
quency impressed on the circuit of Fig. 67 is held constant and the capacity 
or inductance varied, resonance curves similar to those in Fig. 69 will 
be obtained except that the variables will be different. Suppose such a 
curve has been obtained, as shown in Fig. 71. We shall now show how 
the shape of the curve depends upon the resistance and how to actually 
calculate the value of this resistance from the shape of the curve, provided 
that the value of L is known. 

The quantity which is actually determined from the resonance curve 
is the ratio i?/2/L, / being the resonance frequency of the circuit. This 
ratio is called the decrement of the circuit, for reasons which will be apparent 
when the subject of oscillations is discussed. 

Referring to Fig. 71, let Cr be the capacity which gives resonance, the 
current for this value of capacity being 7^. Ivct C\ and C 2 be the two 
values of capacity, one greater than Cr and the other less than Cr, which 
serve to reduce the current to Ir-^y/2 or 0.707 /r. When the capacity has 
the value Cr there is no effective reactance in the circuit, so we have, for 

C =Cr, 

and for 

C = C2, 


7=^ 

R’ 


7 = 


E 




= .707 L 


which can be true only on condition that X 2 = /2, or 




(46) 


For C = Ci, 


7 = 


E 


Vr^+Xi- 


= .707 Ir 


which can be true only if 




X,.R or . . 


(47) 


The capacity reactance is greater than the inductive reactance for C\ 
and less than the inductive reactance for C 2 , hence the reversal of the 
signs in front of the reactance terms in Eqs. (46) and (47). 

Adding (46) and (47) we get 


2t/Ci 2ir/C2 
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Multiplying this equation through by 


1 

2t/L’ 


we get 


1 1 2R 

(2wf)^LCi {2irf)‘^LC2~ 2rfL 

1 / C2-Ci \ 2R 

(27r/)2L\ C 2 C 1 / 2ir/L' 


(48) 


Now if C 2 and Ci do not differ from C, very much (say 10 per cent) we 
may put without appreciable error 


C2Cl=Crl 


(49) 


This is, of course, an approximation, and is more nearly true the sharper 
the resonance curve. We may now put 


1 / C2-Ci \_ 

(2t/)"LCA Cr )~2rfL' 


(50) 


But (2ir/)^ 



as may be seen by writing the equation for resonance, 


/= 


1 

2irVLCr 


Cr being the value of the capacity which gives resonance. 
So (50) becomes 

C2-C, _ 2R 
Cr ~2wfL 
or 

’ /f _t C2-Ci 

2fL 2 Cr ‘ 


(51) 


As an illustration of the application of this formula suppose that the 
resonant capacity for a certain circuit is 32 microfarads and that the values 
of C 2 and Cl are 34 microfarads and 30.2 microfarads respectively. Then 
for this circuit the decrement, generally designated by the Greek letter 
d, is 


R V 

^"2 


34-30.2 

32 


= 0.187. 


The decrement may also be calculated from a resonance curve plotted 
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with frequencies as abcissas as given in Fig. 72; we have derived the 
formula when capacity is used for abscissas because such is generally the 
case in radio measurements. If, however, frequency is used as abscissas, 
the frequency having been varied in getting the resonance curve, L and 
C having been maintained constant, the derivation of 5 from the half 
energy points of the resonance curve is as follows: 



/. fr h 
Frcquincy 


Fig . 72.—Variation of current with frequency in a resonant circuit. 

To eliminate C from these two equations, multiply them by 2 t/iC and 
27r/2C, respectively, and get the two equations 

(27r/i)~XC-l=-/e27r/iC, 

(27r/2)^LC~l = /e27r/2C. 

Put these in the forms 

C{(2ir/2)2L-2»-/2fl} =1. 

Combining 

( 2 x/,) 2 L+ 2 ir/,fl = (2ir/2)2L-2 t/2/J, 

R{2irfi+2irh) = L {( 2 ^/ 2 )^ - (2t/, }. 
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So 


2L 2(/2+/,) 


ir(/2—/l). 


Dividing by fr, the resonant frequency, 


JL-.- kill 

2/rL /. 


(52) 


For a given circuit 


t- h jg approximately equal to ^ This 

Jr 2 Cr 



follows from the relation between frequency and capacity; to produce 
a certain small percentage change in the natural frequency of a circuit 
it is necessary to change the capacity of the circuit by twice this amount, 
the frequency varying 
not with the capacity, 
but with the square root 
of the capacity. 

Flow of Current in 
Parallel Circuits and Re¬ 
lation of Line Current 
to Branch Currents.— 

When a circuit consists 
of two or more branches 
in parallel the line cur¬ 
rent cannot be obtained 
by calculating the 

branch currents and adding them arithmetically as is done in continuous 
current circuits, because of the difTerence in phase of the various branch cur¬ 
rents. The line current, instead of being equal to the arithmetical sum of the 
branch currents, may be even smaller than either of the branch currents 
and, in fact, is so in many radio circuits. It is necessary to calculate 
not only the magnitude of the different branch currents, but also their 
phase; these branch currents are then added vcctorially to give the line 
current. 

Suppose a circuit made up as shown in Fig. 73, the current h being 
10 amperes, in phase with the line voltage and the current I 2 being 15 
amperes, leading the line voltage by 60°; the line current will be the 
vector sum of 10 and 15 as shown in Fig. 74. It proves to be 21.8 amperes. 
The angle of the lead is found by the relation of the reactive and active 
components of the line current (the active component of a current is that 
component which is in phase with the voltage and the reactive component 
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is that which is 90° out of phase with the voltage). I\ has no reactive com¬ 
ponent and so contributes 10 amperes to the active component of the 
line current only; 1 2 has a reactive component equal to 15 sin 60° or 13 
amperes, and an active component of 15 cos 60° or 7.5 amperes. The 
total active line current is therefore 17.5 amperes and the reactive 
component is 13 amperes. The angle of lead of the line current is then 
tan-i 13/17.5 or 36.6°. 

If the impressed voltage is 110 volts the impedance of the combined 
circuit is equal to 110/21.8 or 5.05 ohms. 



Fio. 74,—Vector diagram of currents in the parallel circuit 
shown in Fig. 73. 


The equivalent resistance is Z cos 0 = 5.05 cos 36.6° = 4.06 ohms. 

The equivalent reactance is Z sin 0 = 5.05 sin 36.6° = 3.02 ohms. 

The equivalent series condenser of the combined circuit is found by 


putting the reactance equal to 


1 

2 ^'* 


If the frcHiuency of the supply is 


60 cycles this gives 


-- = 3.02 ohms or C' = 882 microfarads. 

27 r/C' 


Hence the branched circuit shown in Fig. 73 is exactly equivalent to 
the single circuit shown in Fig. 75, for the frequency assumed; for a dif¬ 
ferent frequency other values of equivalent resistance and equivalent 
capacity would be obtained. A more detailed analysis of a branched 
circuit, using complex quantities, is given elsewhere. 

In case the branched circuit is more complex than that given in Fig. 
73, such as that given in Fig. 76, the branched part must first be re¬ 
placed by its equivalent single circuit, calculated as shown for Fig. 73; 
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the resistance and reactance of this equivalent circuit must then be added 
to the resistance and reactance of Ri and Li. By vectorially combining 
this total resistance and reactance the impedance of the simple equivalent 



Fig . 75.—Simple series circuit equivalent Fig . 76.—Series-multiple circuit, 

to parallel ciicuit of Fig. 73. 


Impedance of a Circuit Made Up of I, R, and C, in Series.—The 

reactance of this circuit is calculated by finding the sum of the inductive 
and capacitive reactances at all the frequencies necessary; the equivalent 
resistance of this circuit is independent of frequency and equal at all 
frequencies to the actual resistance, R. The several quantities are shown 



Fig . 77. Variation of reactance, resis¬ 
tance and impedance with frequency in 
a circuit containing L, H and C in series. 



Fig. 78.—Branched circuit, having L and 
R in one branch and C and R in the 
other. 


in the form of curves in Fig. 77. The reactance, 




is shown negative; 


the total reactance, A', is negative at frequencies lower than the resonant 
value and positive above this value. The impedance is positive for all 
values of frequency, having its minimum value when the total reactance 
X, is zero, then being equal to R. 

The current leads the voltage for frequencies lower than the resonant 
value and lags behind the voltage for higher frequencies. 
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Impedance of a Branch Circuit, having L and R in One Branch and 

C and R in the Other. —The simplest way of comprehending the impedance 
of this complex path, Fig. 78, is to calculate for each value of frequency 
the magnitude and phase of the current in each branch. The active 
and reactive components of the two branch currents are then calculated. 
The active component of line current is found by adding the two active 
branch currents, and the reactive component of the line current is found 
by adding the reactive branch currents. These additions are to be alge- 



Fig. 79. ' Fig. 80. Fia. 81. 


Fig. 79.—V'ector diagram for circuit of Fi^. 78, line current Icatlin^. 

Fig. 80.—Vet’tor diai^ram for circuit of Fi><. 78, line current in i)hji.se with impressed 

e.m.f. 

Fig. 81.—Vector diaj^ram for circuit of Fi>;. 78, line current lagging. 

braic; in the case of the active current the algebraic sum is the arithmetic 
sum, but the reactive current in the line is the difference of the reactive 
ciirrent.s of the branche.s. 

In Fig. 79 is shown the vector diagram for frequency above the res¬ 
onant frequency of the circuit; the line current in this case leads the 
voltage so the equivalent simple circuit would consist of a condenser in 
series with a resistance, the two having such values that when the simple 
circuit was connected to a line voltage Ey the current flowing would be 
equal, in magnitude and phase, to I of Fig. 79. 
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In Fig. 80 is shown the condition when impressed frequency is so 
adjusted that the reactive currents in each branch neutralize each other; 
in this case the simple circuit would consist of a resistance only. The 
resistance of the simple circuit would, in general, he many times as great 
as the resistance in the actual branched circuit. 

In Fig. 81 the frequency is supposed lower than the resonant fre¬ 
quency, the current taken by the inductive branch being greater than 
that taken by the capacitive branch; the equivalent simple circuit for 
this case would consist of a resistance in series with an inductance. 

The above simple analysis shows that the branched circuit of Fig. 78 
may be represented by a single circuit, but the constants of this single 
circuit must be made to vary as the frequency is varied. 

The equivalent R may be obtained b}^ calculating the PR loss in each 
branch and adding to give the total loss in the circuit; this total loss, 
divided by the sfpiare of the line current (obtained vectorially as shown 
in Figs. 79 81), gives the equivalent resistance of the combination. 

The equival(‘nt inductance or capacity is obtained by calculating the 
reactive component of the impressed e.m.f.; this equals E sin </> where E is 
the value of the impressed voltage and </> is the angle between the im¬ 
pressed voltage and the line current. This value of e.m.f., E sin 0, is put 
equal to 27r/L7, where L' is the equivalent inductance and I is the line 
current. 

In case the line current is leading sin 0 is negative and the equivalent 
inductance would be negative. In this case the reactive component of 


the impressed voltage, E sin 0, is put equal to 


I 

2irfC' 


where C' is the 


equivalent series capacity of the circuit. 

The circuit is analyzed exactly most easily by the use of complex alge¬ 
bra, a method of treatment explained in all standard texts on alternating 
currents. 


Let Z\ = impedance of branch \~RL+jo)L] 
Z 2 = impedance of branch 2 — Rc—j 

coC 

Z = impedance of the joint path. 


i-_L J_ 


1 




+ 


Rc-j 
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Hence 


{Ri+i 


(/^L + -Kc)+i 




Rationalize by multiplying numerator and denominator by 

{RL+Rc)-j{^L-^. 

Collecting terms we have 

Rc{Rl^-\-cjoL“) +R+ ^ 

+i ^- ~{Rl“-\-(a>L“) 

{RL + Rcy + ^coL — 

RcRl{Rc+Rl)+R c:^- + R'Qi^' 




{Rl + Rc) 


Of this complex impedance the real part is the effective resistance of 
the branched circuit and the imaginary part is the reactance, or ojL\ 
where L' is the effective inductance. So, 

RcRdRc + Rl) + Rc{o>Lr- + R,.y- 
R - p- . . . . ,56) 

(Rl-\-Rc)^-{-{ — ~ ) 


(Rl+R c) ~+(^(^L —^ 

{Rt.+R,:y+(^wL-^y 


In case the resistance of the inductance is large compared to that of 
the condenser, Eqs. (56) and (57) may be simplified to the approximately 
correct forms ^ 

R' = - r ..( 58 ) 

m2ft2-+(m2-l)2 

L 
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Also 


wL' = — (jiL 


"q f 

m^R‘^ “+ (m^ — ly 

Li 


(59) 


and for resonance Eq. (58) gives 

"'-is.w 

where 72'= equivalent series resistance; coL'= equivalent series reactance; 
7^ = total actual resistance in the circuit, that is, resistance of the 
inductive branch plus that of the capacitive branch; C = actual 
capacity of the capacitive branch; // = actual inductance of the in¬ 
ductive branch; m = ratio of the impressed frequency to the resonant 
frequency of the circuit =27r/V^LC. 

In case U comes out a negative quantity it may be converted to its 
equivalent series capacity by the relation 

C' = l/{2rfy(-U) .(61) 

An interesting condition obtains in a circuit having parallel resonance. 
Thus suppose that the values of L and C and 
the frequency of supply for the circuit of Fig. 

82 have been so adjusted that for a voltage 
impressed across A-B the circuit shows no 
reactance; the power factor is unity and the 
circuit' shows resistance only. 

If the supply voltage is impressed across 
any other two 'points in the circuity the circuit 
will be approximately in resonance for these 
points also; if, for example, the voltage is 
impressed across points C-77, the circuit will 
show resistance only. 

The resistance will not be the same when 
measured between points C-D as it is for the points A~B. It may be 
proved that the resistance between any two points in the circuit is 
nearly proportional to the square of the reactance included between the 
two points, in either branch. The reactance in each branch of the 
parallel circuit will be the same, no matter where the two points are 
taken, but the reactance will be inductive in one branch and capacitive 
in the other. 



Fig. 82.—Resonant multiple 
circuit. 
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There will generally be more or less mutual induction between the 
parts of the inductance which the new connection gives. Thus in Fig. 
82, if the power supply is connected to points A-D^ the inductance from 
A to D will be in one of the paths, while that between D and B will 
be in the other. The effect of this mutual induc- 



Fig. 83.—A tapped coil 
may be considered 
as two separate coils 
with mutual induc¬ 
tion between the two 


parts. 


tion will complicate somewhat the quantitative re¬ 
lations, so for the moment we neglect it. 

On the basis of no mutual induction between 
the two parts of the coil, in the two separate paths, 
we can reach the general conclusion that as the 
points of power supply (Fig. 82), are moved closer 
together, the resistance, at resonant frequency, be¬ 
tween these two points decreases. Quantitatively 
it decreases with the square of the amount of re¬ 
actance between the points of power supply. Thus 
suppose in Fig. 83 M = 0 and that Li-Lo^ With 
the power supply at points A-B, and frequency at 
its resonant value (litie power factor equal to unity) 
the line resistance becomes, from Ecj. (56) 


]?> 1 

V C /Ri+li,' 


If the power supply is connected across only one coil, say, at A-/), 
the line resistance becomes 



Effect of Mutual Induction in Parallel Circuits.—In general there will 
be mutual induction between coils L\ and Lj of Fig. 83, and this mutual 
induction will appreciably affect the resistance and resonant frequency of 
the circuit. 

It is first to be noted that where the two inductances Li and L 2 are 
really two parts of the same continuous coil (point I) merely being a tap 
on the coil), the effect of M is an additive one, that is, the total inductance 
from A to B is greater than the sum of L\ and L 2 . It might seem that 
when Li is in one path and Lz in the other path, that the effect of mutual 
induction becomes complicated, but actually it is not so. Then it might 
seem that whereas M has a certain action when Li and L 2 are in series, 
in the same path, when they are in different paths (power supply at A and 
D), the action of M would he different because possibly of different magni¬ 
tude and phases of currents in the two paths. 
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However, on the basis that the reactance of either path is large com¬ 
pared to its resistance, practically always so in radio circuits, the currents 
through Li and L 2 will be equal in magnitude when these are in different 
paths. The reactance of one path (directly from A to D) will be inductive, 
and the reactance of the other path (from A to D through C) will be 
capacitive, but these two reactances will be equal in magnitude. Further¬ 
more the current in one path will lag behind the line voltage by nearly 
90®, and in the other path it will lead by about 90®. This means that in 
so far as their magnetic action on each other is concerned, due to their 
mutual induction, the two coils, Li and L 2 , will act practically the same 
whether they are in different paths or in the same path, hence the resonant 
frequency of the circuit stays practically the same for the connection 
A~D as for the connection A-B. 

The resistance of the combination at the resonant frequency when 
connected across the taps A-B is evidently 


R'a-b = 


L 1 -f~ B 2 “1“ 2 A/ 1 


C 


Hx+Rz 


(64) 


For connection to points A-D, at resonant frequency the line resistance 

approaches the value R'a _//-—*—) as the coupling approaches unity. 

\L\ L-y/ 


Fig. 84 illustrates another combination of inductance and condensers; 
such a circuit is used in one of the common forms of radio telephone appa¬ 
ratus. The frecpiency of current in the closed circuit is fixed by the reso¬ 


nant period of this circuit, that is, /=- 7=-. 

27r V LC 


where C = 


C 1 C 2 
C 1 + C 2 


The 


alternating current supply for the circuit is furnished across the condenser 
Cl, and the power factor of this circuit (i.e., between points A and B) 
is unity; the impedance offered, to the supply circuit is resistance only. If 
the point B is moved around the circuit so as to include part of the induc¬ 
tance L in either path, as shown at Z^', the impedance between the two 
points A and B' would still be resistance only. 

It is often desired in radio circuits to alter the impedance of the 
circuit to which the power is supplied. Thus in certain vacuum-tube 
circuits a resonant circuit (as shown in Fig. 84) is used as load for the 
tube output and, to get the maximum output from the tube, the circuit 
must offer resistance only (no reactance), and this resistance must have 
a proper value. Evidently such a circuit as that shown in Fig. 84 offers 
such possibility; by properly adjusting the position of 5' the desired 
resistance will be obtained. 

We might keep B' fixed and vary the value of Ci; varying the value 
of Cl, however, has the disadvantage of changing also the frequency of 
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the circuit. If Ci is held constant and the point B is moved along the 
inductance, the effective resistance between points A and B will vary 
while the frequency is maintained practically constant. Such a connec¬ 
tion scheme is generally used in practice. 

The circuit of Fig. 83, when the mutual induction is taken into account, 
requires rather cumbersome equations for its analysis. This circuit is 
shown, in rearranged form, in Fig. 85. On the basis that the reactances 



Fio. 84.—Resonant multiple circuit used 
in a certain radio-telephone set. 



Fio. 85.—In the general case of branched 
circuits there may be mutual induction 
between the two branches. 


of the coils are large compared to their respective resistances, it can be 
shown ^ that the line resistance is given by the equation 




[«,K2 - (^wLi - wA/’] (Iii+H>) 

( wLi-77 +wL 2 77+2coM j 

\ (jcC I wC 2 / 


iRi+R2y+ 




+o)L2 -77+2coAf 

wCi a;C2 


)' 


. (65) 


And if the impressed frequency is adjusted to give the circuit unity power 
factor for the impressed voltage this reduces to 


R' 


RiR'i+oiM^- 




. . (66) 


^ See article by Heising in Journal A.I.E.E., May, 1920. 
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Eq. (66) may be used to get the resistance of two parallel paths which 

have no condensers by putting -4:=0. If, in the resulting equation, we 

put ilf = 0, we shall get an equation of form similar to Eq. (56). If in 
this Eq. (56) we suppose the condenser to be replaced by a coil L 2 , the 
resulting equation will be just the same as that derived from Eq. (65) by 

putting -^ = -L = Jlf=0. 
ojLi o:L>2 

Experimental Tests of Parallel Resonant Circuits. —To illustrate this 
idea of parallel resonance with experimental data, using ordinary a.c. 
measuring instruments, a simple . 


test was performed. An induc¬ 
tance coil, having a tap near its 
center, was connected to a con¬ 
denser as shown in Fig. 86 and 
resonant frequency was impressed 
across A-C. The values of in¬ 
ductance and capacity were about 
as shown in the diagram, the 
resistance of the coil being about 
10.8 ohms. A watt-meter, volt¬ 
meter, and ammeter were used 
to measure the input; the fre¬ 
quency was held constant at 45 
cycles, which is the frequency to 
give resonance for L = 0.628 henry and C = 20 microfards. The effective 
resistance was calculated by dividing the wattmeter reading by the square 
of the ammeter reading. The results obtained are tabulated below: 



Fig. 


86.—Experimental resonant multiple 
circuit similar to that of Fig. 84. 



Volts 

Amperes 

Watts 

Effective 
Resistance, Ohms 

Terminals C~A . 

105 

0.050 

5.0 

2000 

Terminals C~B . 

105 

0.145 

14.8 

705 

Terminals B-A . 

100 

0.170 

16.6 

575 


These values of resistance are nearly proportional to the square of the 
value of reactance between the respective terminals; better results can¬ 
not be obtained by this method, because the current taken by a condenser 
exaggerates the non-sinusoidal form of the impressed voltage and so may 
differ quite appreciably from the true sine form. In parallel resonance 
the very small minimum line current obtained is a result of the inductive 
and capacitive currents of the two branches neutraUzing each other; if, 







branch is shown 180° out of its proper phase. 
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however, the two currents are not of the same form, it is evident that the 
neutralization cannot be very complete and the line current at resonance 
will not be as small as it should normally be. 

A case of this kind is shown clearly in the oscilligram of Fig. 87; the 
generator supplying the power was of an ordinary commercial type, having, 
however, a rather smaller air gap than is usual. The inductance and 
capacity were connected in parallel and the impressed frequency was varied 
until the line current showed a minimum value. The form and phase of 
the currents in the two branches of the circuit are well shown on the film, 
and it is at once evident that the great difference in form of the two cur¬ 
rents would prevent the resonance phenomena being very marked. Prob¬ 
ably 50 per cent of the current flowing in the condenser circuit is of some 
frequency much higher than that for which the circuit was resonant and 
at least this much current would persist in the supply line no matter how 
carefully the circuit was adjusted for resonance. 

This question of upper harmonics is often of much importance in the 
operation of radio apparatus; more specific mention of the occurrences 
will be made when discussing certain types of radio generators. 

In another t('st the measurement of a circuit was made in a Wheatstone 
bridge, by which scheme of measurement a skilled observer may reach 
determinations independent of upper harmonic disturbances. A trained 
ear may balance the bridge for the fundamental frequency in spite of the 
fact that the upper harmonics are producing much noise in the telephones 
due to their unbalance. The circuit measured was like that pictured in 
Fig. 84, with the following constants: Li = lSl /ihj L 2 = 862 i?i = 0.65 
ohm, 1(2 = 1.97 ohms, 3/= 267 fihy C=19.8 /x/, and /=1000 cycles. The 

value calculated from Eq. (67), after putting -^=0, gives 15.8 ohms, 

a;C2 

whereas the measured value was 16.1 ohms. 

It is possible to move points A and B' (Fig. 84) to such a position that 
there is no reactance in either path. In this case we have a maximum 
possible line current (for a given impressed voltage) and the resistance of 
the combination is a minimum. It is equal to the resistance of one path 
divided by two, if the two paths have equal resistances; if not it is equal 
to the reciprocal of the sum of the reciprocals of the resistances in the 
separate paths. 

Experimental Curves of Parallel Resonance. —In Figs. 88 and 89 are 
some experimental curves showing the characteristics of parallel resonance; 
they were obtained by ammeter, voltmeter, and wattmeter readings, 
frequency being varied and impressed voltage being held constant. The 
equivalent resistance was obtained directly by dividing the wattmeter 
reading by the squared value of the line ammeter reading; the equivalent 
inductance or capacity was found after calculating the reactive component 
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of the impressed voltage and knowing the line current from the ammeter 
reading. The alternator used had a very pure sine wave of e.m.f. com¬ 
pared to that given by the average machine. 

A rather extraordinary effect is seen in these curves; the equivalent 
series resistance at resonance is higher the lower the actual resistance of 
the circuit. Thus in the first case where the actual resistance was 6 ohms 
the equivalent resistance has a maximum value of 320 ohms; in the second 
case where the actual resistance has been increased to 16 ohms the maxi¬ 
mum value of R is only 240 ohms. In neither case is the equivalent 



Fig. 88. —Reactance and resistance curves for a parallel resonant circuit having low 

resistance. 


resistance nearly as great as calculation by Eq. (56) would indicate; 
the reason for this discrepancy lies in the method of measurement which 
involves an error depending upon the non-sinusoidal fonn of the voltage 
impressed on the circuit as outlined above. 

It will be noticed from the curves given in Figs. 88 and 89 that the 
effective inductance of a coil may be increased by putting a condenser 
in parallel with the coil; the equivalent resistance of the coil also increases 
and this increase rapidly grows larger as the amount of capacity shunting 
the coil is increased. 
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For the frequencies far removed from the resonant frequency of the 


circuit ^so that (m^ —1) is large compared to we get rather simple 

formulas for the equivalent inductance and resistance of the coil. Formulas 
(58) and (60) in this case reduce to the forms 


/?' = 


R 




(m^-1)^* 
cL 




(67) 

( 68 ) 



Fig. 89.—Effect of increasing the resistance in a parallel resonant circuit; compare with 

curves of Fig. 88. 


Inspection of these equations shows that the effective resistance of 
the circuit rises more rapidly than does the effective inductance, especially 
as the resonant frequency is approached. 

Effect of Harmonics on Parallel Resonance.—In attempting to check 
the theoretically derived formulas for parallel resonance by experimental 
results, such as those given in Figs. 88 and 89, it will be found that the 
discrepancy is very large, the difference between theory and measurement 
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being not a few per cent, but frequently several hundred per cent; thus the 
resonant frequency resistance of the circuit shown in Fig. 88 should be 
(by Eq. 60) 1142 ohms, whereas it actually measured 320 ohms, about one- 
quarter the proper value. 

This discrepancy is caused by slight deviations from sinusoidal form 
of the voltage wave of the alternator furnishing the power; the one used in 
getting the results of Fig. 88 had an almost perfect sine wave, so nearly so 
that careful observation of the oscillogram showed practically no upper 
harmonics in its form. The manufacturer guaranteed less than 1 per cent 
deviation from sinusoidal form. 

To bring out the reason for the wide discrepancy between test results 
and theory we will assume that the alternator to be used in the test has 12 
armature teeth per pair of poles, thus giving in its wave form an eleventh 
and thirteenth harmonic. We will assume that each of these harmonics is 
present with an amplitude equal to 1 per cent that of the fundamental 
frequency. Using the circuit given in Fig. 90 (practically the same as that 

used in Fig. 88), we calculate that each branch 
has a reactance of about 82 ohms at resonant 
frequency. As the condenser is assumed to 
have no series resistance, and as the coil has a 
resistance very low compared to its reactance, 
the impedance of each path at resonant fre- 
cpiency is practically 82 ohms. If now the 
fundamental voltages is 110 volts the current in 
each branch (of fundamental frequency) is 
110/82= 1.34 amperes. The amount of funda¬ 
mental current in the line is merely the active component of the coil 
current, or 1.34X4/82 = 0.0655 ampere. This is what ammeter A (Fig. 
90) should read. 

Now for the eleventh and thirteenth harmonic voltages the current 
through the coil branch will Ix^ negligible, because the harmonic voltages 
are small, and the coil reactances are so high. In the condensive branch, 
however, the reactances are low, so appreciable harmonic current may flow 
in spite of the small value of the harmonic voltages; we will calculate how 
much it is. 

Each harmonic voltage has been assumed to have an effective value 
of 1.1 volts (1 per cent of fundamental). The reactance of the condenser 
branch for the eleventh hannoiiic is 82/11 = 7.45 ohms, and for the thir¬ 
teenth harmonic it is 6.3 ohms. Therefore the respective harmonic cur¬ 
rents in the condenser branch will Ixi 0.1475 ampere and 0.1745 ampere; 
as these currents have no counterparts in the inductive branch (they 
are so small as to be negligible in that branch), they must come from the 
line and so flow through ammeter A (Fig. 90). This meter will then have 



Fig. 00.—Circuit arrange¬ 
ment for testing parallel 
resonance. 
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Generator wave form 
fiTuaranteecd to have less 
than 1% harmonic 


0.0655 ampere of fundamental frequency, 0.1475 ampere of eleventh 
harmonic, and 0.1745 of thirteenth harmonic. It will therefore read 
Vo.06552+0.1475^+0.17452 = 0.238 ampere. There is only 0.0655 am¬ 
pere of fundamental frequency current in the line, yet the ammeter reads 
0.238 ampere. 

So far as fundamental frequency is concerned, the resistance of the 
parallel circuit is 110/0.0655 = 

1680 ohms (same as theory 1 M I I I I I M M I I I I 1 I 1 ~ 

predicts), but the test results 
would show a resistance of - 

110/0.238 = 462 ohms. The - | J ^ | ~ 

higher the frequency of the a _ B 

ripple on the voltage wave "[ 'I HHH I j | ~p 

the greater is this difference _ c » 4.33 microfarads __ 

between theoretical and test - I I I L I .. I L __ 

_Generator wave form _ 

results. *_rt_fi:uaranteecd to have less _ 

This discrepancy can be -n-— 

eliminated by choking out the ^ ZZZZZZ^^~ZZZZZZZ^_ZZ 

high-frequency currents which § ‘ —^-S.-- 

flow in the condensive branch, g M 

This is shown in Fig. 91, in ^ -V-- 

which are given the experi- ^ 

mental results for two circuit _V- 

arrangements. In one the ^ 

alternator (supposedly a sine _ZC_- 

wave) was connected directly -^ 

to the resonant circuit, and in '_ 5 ^_-XyjZIZ_ 

the other a large choke coil - 

was connected in the line be- it IM 111 I I I I I l~ 
tween circuit and alternator. r.p.m. of lo pole aitemator 

With this latter connection , ...... , . i , 

, - . . I'lG. 91.—Showing how a large inductance m the 

only a few points were obtain- 90 diminishes very 

able (owing to the large voltage much the line current at resonant frequency; 

drop through the choke coil), this is due to eliminating the upper harmonics 

and these are plotted in the of the current, 
dotted line of Fig. 91. 

The theoretical value of circuit resistance at resonance is 13,160 ohms. 
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Fig. 91.—Showing how a large inductance in the 
power supply line of Fig. 90 diminishes very 
much the line current at resonant frequency; 
this is due to eliminating the upper harmonics 
of the current. 


The experimental data for circuit A give 2780 ohms, and for circuit B they 
give 11,900 ohms, practically the sjime as the theoretical value. It is thus 
evident that the upper harmonics of the alternator voltage may cause 
great difficulty in proving the theory of parallel circuits. At higher fre¬ 
quencies, where a vacuum-tube oscillator is used for power, even greater 
discrepancy may occur, because this type of power source gives a voltage 
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llO^^farad < 


] 1 henry 


*. 10* ohms 


[1 henry 


^ 10 * ohms 


lent of an ordinary- 
pair of head phones. 


wave having a great many harmonics. By using properly tuned circuits 
to eliminate them, the theory will be proved experimentally as well as it 
is in the alternator test described above. 

Telephone Receivers as a Parallel Circuit.— The ordinary pair of head 
telephone receivers, such as used with many radio sets, is really a case 
of parallel circuits, although it is not at first evident 
why it should be so. Each receiver has an induc¬ 
tance of about one henry and a resistance of about 
1000 ohms. The two connecting wires of the receiv¬ 
ers are generally woven into one cord, perhaps 4 feet 
long. This cord really constitutes a condenser, not 
of the ordinary form, to be sure, but it is two con- 
Fia. 92. The approxi- separated by an insulator, and this we know 

must act like a condenser. Ihe capacity of the 
cord and the attached internal wires of the telephone 
receiver is about 10farad, so that the tele¬ 
phone receiver must really be represented about as shown in Fig. 92. 
Such a circuit must of course have a resonant frequency, when the 
charging current taken by the condenser is equal to the lagging current 
taken by the coils of the receivers. 

The resistance and reactance of a typical pair of commercial head phones 
is shown in Fig. 93. According to Stowell ^ the various phones on the 
market to-day have their 
resonant frequencies be¬ 
tween 9 and 15 kc., at 
which frequency the re¬ 
sistance may be as much 
as 200 kilohms. Above 50 
kc. the phones kct like a 
condenser of about 10 '^ 
farad. 

A Peculiar Case of Par- 
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allel Resonance. —A very Fia. 93. — The electrical constants of the ordinary 
interesting case of reso- head phones at various frequencies, 

nance occurs if, with an 

inductance and condenser in parallel, the resistances in each path are 
properly adjusted. Thus suppose that the resistance in the two paths 
are equal and also equal to 



> Proc. I.R.E., April. 1926. 
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that is, 



(69) 


By inserting this condition in Eqs. (56) and (57) it will be found that the 
reactance of the circuit zs zero for all frequencies and that the resistance is 
constant for all frequencies and equal to the resistance of either pcUh, 



Fia. 94.—Locus of current in an inductive Fig. 95.—Locus of current in a capacitive 
circuit with varyinj^ frequency. circuit with varying frequency. 


It is a well-known principle in a.c. theory that if a voltage of fixed 
magnitude and varying frequency is impressed in a circuit of resistance 
and inductance in series, the locus of current is a semicircle, as shown in 
Fig. 94. At zero frequency the reactance is zero and the current is 
equal to EIRl^ and is of course in phase with E. As the frequency 


increases the current takes the values /i, 
hy Isy otc., successively decreasing in 
magnitude and approaching a lag angle 
of 90°. 

If a capacitance and resistance in series 
are considered, instead of inductance and 
resistance, similar conclusions arc reached 
as to the locus of current; it is again a 
semicircle as shown in Fig. 95. At infinite 
frequency the reactance of the condenser is 



zero, so the current is equal to E/Rc- As Fio. 96.—The line current in a pe- 
the frequency diminishes the current dc- culiar form of parallel resonant 
i„ magnitude, and leads more and 5:2 

more, at low frequencies, being very small q^ency. 

and leading nearly 90°. - 

Now if the resistance of each circuit is equal to V L/C and they are 


connected in parallel the current relations are as shown in Fig. 96. At 
very low frequencies the condenser current is negligible and the coil current 
is /o. At very high frequencies the coil current is negligible and the 
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condenser current is /o. For two other frequencies the branch currents 
are shown in Fig. 96 by /i and 1 2 , respectively. The vector sum of the 
branch currents is always equal to lo and is always in phase with the line 
voltage E, 

Resonant Frequency of Parallel Circuits.—If we define the resonant 
frequency of a parallel circuit as that frequency which makes the reactance 
of the circuit zero, thus making the power factor of the circuit unity, we 
find the resonant frequency by using Eq. (57), putting the numerator 
equal to zero. This gives the equation 


or 


E^L Jl 0 


from which we get 




-R,;-c 
C^L' 


6 

SiirnAl 


(a) 


( 6 ) 


(70) 


(71) 






hIi 

7 

III— 

" r p' " 



Fig. 97.—An ordinary type of vacuum-tube circuit and its simplified equivalent. 


In case the resistance of the condenser arm is negligible a simpler form 
is obtained. 


It is to be noted that in parallel circuits the resistances in the circuit 
affect to some extent the resonant frequency of the circuit, whereas in 
the series circuit the resonant frequency is independent of the resistance. 

The condition for resonance in parallel circuits (unity power factor) 
will in general not be the frequency which gives minimum line current. 
In case we had defined resonance as that condition which gave minimum 
line current, formulas somewhat different from Eqs. (71) and (72) would 
have been obtained. 

Parallel Circuit in Series with a Resistance.—In the use of vacuum 
tubes the plate circuit sometimes contains a parallel resonant circuit 
as indicated in Fig. 97. We shall take up the action of the vacuum tube 
in Chapter VI; it here suffices to say that it is essentially a small a.c. 


/I 


(72) 
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generator, the signal from the receiving antenna generally being the source 
of generated voltage. The actual circuit arrangement is shown in diagram 
(a), and the equivalent, simplified circuit in diagram (h). 

The a.c. resistance Rp^ between the filament and plate of the actual 
tube, is represented in diagram (b) as jKp, supposed to be the internal 
resistance of the generator. Under what conditions will the alternator 
deliver a maximum power to its load circuit, or, in other words, how 
should the plate circuit of diagram (a) be designed to get the maximum 
output from the tube? 

It is shown in many engineering text books that the maximum output of 
a generator is obtained when the load circuit has a resistance equal to 
the internal resistance of the generator. It follows then that the resistance 
between points A~B must be equal to the resistance Rpy generally several 
thousand ohms. We shall show later that if the vacuum tube is being 
used as part of an amplifier most of the resistance Ra-b should come from 
the input circuit of the next tube. 

Coupling of Various Kinds—CoeflSicient of Coupling.—When two cir¬ 
cuits are so placed or interconnected that energy may be transferred from 
one to the other they are said to be coupled. There are three types of 
coupling, resistive, inductive, or capacitive coupling. In the first (prac¬ 
tically never used) that part of the network which is common to the two 
circuits is a resistance; in the second, part of the magnetic field generated 
by currents in the network is common to both circuits; in the third, a 
part of the electrostatic field set up in the network is common to both 
circuits. The coupling which uses the magnetic field is called inductive 
or magnetic coupling, and that which uses the electric field is called capaci¬ 
tive or static coupling. The magnetic coupling may be through an 
inductance common to both circuits called direct, or it may be through 
a mutual inductance in which case it is generally called inductive coupling. 

The three principal types of coupling are shown in Figs. 98, 99, and 100, 
that of Fig. 98 being direct, that of Fig. 99 being inductive, and that 
of Fig. 100 Ixiing capacitive. 

The extent to which circuits are coupled is given quantitatively by 
the coupling coefficient or coefficient of coupling. This is defined as the 
ratio of the common reactance of the two circuits to the square root of the product 
of the reactances (of similar kind to that giving the coupling) of the two circuits. 


Thus if = reactance common to both circuits; 
X 1 = reactance of circuit 1; 

X 2 = reactance of circuit 2; 

& = coupling coefficient. 


VXiX2 


(73) 




108 


FUNDAMENTAL IDEAS AND LAWS 


[Chap. I 


In Fig. 98 the total reactance of circuit 1 is w(Li+Af), that of cir¬ 
cuit 2 is w(L 2 +Af), and the common reactance is cjM, Therefore 


Vo^iLi+MMLo+M) V{Li+M)(L2+M) 

In Fig. 99 the total inductance of circuit 1 is indicated by La+Lt] part 
of this is in inductive relation to circuit 2 and part is not. Similarly the 



Fio. 98. —Direct coupling. Fig. 99. —Inductive coupling. 


inductance of the second circuit consists of two parts Lc and Ldy one part 
magnetically coupled to circuit 1 and the other part not so coupled. The 
common reactance is ojM. Hence for this case we have, 



Fig. 100.—Capacitive coupling. Fig. 101. —Inductively coupled circuits. 


The inductively coupled circuit of Fig. 99 can always be considered 
as a direct-coupled circuit after the proper transformations have been 
made. The inductance of circuit 2 must be decreased in the ratio Lb/L^ 
and the capacity of circuit 2 must be increavsed in the ratio LJLb» This 
transformation of the inductance and capacity of circuit 2 leaves the 
oscillation constant (LC) the same as it was with the original values of 
L and C. 

The M of the equivalent circuit is obtained by multiplying the actual 
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value of M by the ratio y/hblLc. Let us call these new values M', L'c, 
L'dt and C' 2 . The inductively coupled circuit is now replaced by the 
direct-coupled circuit similar to that of Fig. 98. For the Li of Fig. 98 
we use (La+L6)-M' and for the L 2 of Fig. 98 we use (L'c+L'd)-M'. 

An actual inductively coupled circuit is shown in Fig. 101, the coeflScient 
of coupling of the two coils of the transformer is 80 per cent, or 

M = 0.8\/lX0.1 = 0.253 henry. 


In Fig. 102 the inductances of the second circuit have been decreased 
in the ratio 0 . 1/1 and the capacity has been increased in the ratio 1 / 0 . 1 . 
The coefficient of coupling must remain as it was for Fig. 101, so we decrease 
M in the ratio '\/o.l/T, giving a value of 0.08 henry. 

The direct-coupled circuit, which is the exact equivalent of the induc¬ 
tively coupled circuit of Fig. 102, is now given in Fig. 103. The total L of 
circuit 1 is the same as that of Fig. 101 , 0.08 henry being coupled 100 per 
cent to circuit 2 ; similarly the total inductance of circuit 2 is the same as 
it is in Fig. 102 . 

The coefficient of coupling 
of the circuit of Fig. 103 is 


A: = 


0.08 


V0.2X0.6 


= 0.232, 


and for the actual inductively 
coupled circuit of Fig. 101 it is 
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V 0 . 2 X 6.0 


= 0.232, 


10m/ 

Fig. 102.—Circuit of Fig. 101 reduced to an equiva¬ 
lent 1 : 1 ratio circuit. 


which is just the same as for the substituted direct-coupled circuit. 

It is possible to replace an inductively coupled circuit by one directly 
coupled without making the transformations explained above. Calling 
the total inductance in primary and secondary of the inductively coupled 
circuit L 3 and L 4 respectively, and the mutual inductance M, then the 
direct-coupled circuit is written down at once as shown in Fig. 98 by 
making Li=L 3 - 3 / and L 2 = L 4 -M, The same values of M, Ci and C 2 
are used in the direct-coupled circuit as in the inductively coupled circuit.' 
The justification for making the change from one type of circuit to the 
other may be seen upon writing the equations for the reactive voltages 
of the two circuits of Figs. 98 and 99. For Fig. 98 we have, 

wLi/i—= . . 

wCi 

‘ See Bulletin 74 of the Bureau of Standards, p. 60. 


(76) 



no 
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and j 

WL 2/2 -|-+o,M(/2~7i)«0.(77) 

c»;C2 

For the circuit shown in Fig. 99 we may put La+Lb = L's and Lc+Ld — LA\ 
the reactive voltages for these circuits then become, 

ojLa/i—4--4 oM/2 = £,.(78) 

ojCi 

and 

oiLih-^-oiMIi^O .(79) 

0)C2 


Put L 3 = Li+M and L 4 = L 2 +M and these equations become 


o>(Li+M)Ii — ^-^-coMl2 = E, .(80) 

wC 1 

and 

7 . 

w(L2+M)l2 i— wMh^O .(81) 

0162 


By collecting terms these may be changed into the forms, 


wLih—^+wM{h-I-2) = E, .(82) 

and 

WL 2 / 2 —^+a.M(/,-/,) = 0.(83) 


But these equations, which are for an inductively coupled circuit, are 
identical with Eqs. (76) and (77), which are for the directly coupled circuit. 

The author does not 
believe that this method is 
as satisfactory a one as 
that using transformed L 
and C in the secondary 
because of certain ambigu¬ 
ities which may arise. As 
an illustration of the cases 
in which the method works 
out all right we take Fig. 
104. For the L\ of Fig. 98 
we must put 0.2— 0.1 =0.1 
henry and for L 2 of P'ig. 98 we put 0.4 —0.1 =0.3 henry. Af, Ci, and Cz 
remain as in Fig. 104. The equivalent directly coupled circuit is given in 
Fig. 105; it is electrically equivalent to Fig. 104. Now suppose the 
circuit of Fig. 101 to be treated in this manner; for Li we obtain 


immr 

0.12 b 


0.52 h 


O 

O 

O, 

r 


0.08 h 


8m/ 


IOm/ 

Fia. 103.—Direct-coupled circuit equivalent to in¬ 
ductively coupled circuit of Fig. 102. 
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0.2 — 0.253=—0.053 henry. This means that instead of putting in an 
inductance for the Li of Fig. 98 we must put a condenser, the capacity 
of which is such that its reactance is equal, in magnitude, to that given 
by 0.053 henry of inductance. 

For the circuit shown in Fig. 100, we get the coupling coeflScient from 
Eq. (73), in the following manner: ^ 

Mutual capacity reactance = 

0)Cm 


Capacity reactance of circuit 
in which 


1 J. _1__ 




(84) 



lie./ 

Fia. 104.—Inductively coupled circuit. 



Fig. 105.—Direct-coupled circuit equiva¬ 
lent to circuit of Fig. 104. 


Capacity reactance of circuit 2 = 
in which 


C5 = 


1 _ l_ 



(85) 


Hence Eq. (73) becomes for this case. 


‘■ji 




CjC a b 


VCgC, 


( 86 ) 


‘For more complete analysis of capacitively coupled circuits and comparison of 
capacitive and inductive coupling see Cohen, “Electrostatically Coupled Circuits,” 
Proc. I.R.E., Vol. 8, No. 5, Oct., 1920. 
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A rather more complicated case * of static coupling is given in 
Fig. 106. 

We first replace the figure by a simpler one, equivalent to it. This is 
given in Fig. 107, in which 

1 C'C" 
c'^ C" 


Now calculate the tapacity of circuit Ay remembering that C 3 and C 2 , 
in series, are in parallel with Ci. This gives 


^ ^ . 1 C1C2+C2C3+C3C1 

III’ 

G-sC-i 


( 87 i 


The “ mutual reactance is now calculated by assuming 1 ampere to be 
circulating in circuit A, and calculating how much voltage is produced 



Fio. 106.—Complex capacitive coupling. Fio. 107.—The circuit of Fig. 106 may 

be simplified to this form. 


in circuit B. Per ampere of current in circuit A the voltage across Ci 
is and of this voltage a fraction is set up in circuit B across condenser 
C 2 . This fractional part is 

1 

wC 2 O:* 

1 + 

C2C3 

* In case it is not evident just what the mutual reactance of the two circuits in, it 
may be obtained by calculating the voltage generated in circuit 2 when a current of 
1 ampere ia flowing in cimiH 1, or vice versa. This voltage is equal to the mutual 
reactance, in ohms. 
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8o that the voltage across C 2 is equal to 

H 

a)\C2+C3 Cj o) C1C2+C2C3+C3C1’ 
which is thus the mutual reactance. 


( 88 ) 


Now the capacitive reactance 


(a 


of circuit A is 


1 


C1C2+C2C3+C3C1 


and of circuit B it is 


C2+C3 


1 


C1C2+C2C3+C3C1 


C1+C3 

Then taking the quotient of the mutual reactance hy the geometric mean 
of the self reactances (that is, using Eq. (73)) we get 




^3 


V(Cl + C3)(C2 + C3)’ 


(89) 


Combined Electric and Magnetic Coupling. 

sets combined capaci¬ 
tive and inductive 
couplings are used, as 
indicated in Fig. 108, 
in this case the coeffi¬ 
cient of magnetic coup>- 
ling and that of static 
coupling are calculated 
separately, and the ac¬ 
tual amount of coupling 
is the sum or difference 
of these two, according 


-In certain radio receiving 



L, 


f 


d 

E 



O' 

o 

I 

L o 

Cl o 

0 


“c, 

_1 

1_ 

1 

Ic" 


Fig. 108,—Combined capacitive and inductive coupling. 


as the e.m.f.s induced in circuit 2 through the two types of coupfing are 
in phase or 180° out of phase with each other. 

It may sometimes be desired to induce a constant voltage in the second 
circuit as the frequency of the impressed voltage is varied, the current 
in the first circuit being held constant. With the combined electric and 
magnetic coupling of Fig. 108 this is nearly possible. 
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We first notice that the two coupling condensers, C' and C", may be 
replaced by a single one reducing Fig. 108 to the simpler one given 
in Fig. 109. Now we assume a current of one ampere to flow from 

the power supply and calculate 
what voltage is set up in circuit 
2 , as the frequency is changed. 

There will be a voltage in¬ 
duced in coil 1/2 due to the 
mutual induction between L\ 
and Lo. ^lliis voltage, will 
be directly proportional to the 
frecpiency and to the value of the 
mutual induction. 

/';^-27r/d//,=27r/il/. 

The current 7i flowing through the condenser combination (Ci, in 
parallel with Co imd C.i in series) will set up across C\ a voltage inversely 
proportional to the frequency, and a certain fraction of this will app^'ai 
across Co- Let us call the capacity between points A Ca- Then the 
voltage across points A-B will be given by the expression 

E_ = 

27r/C.i '2.irJC A 

The total reactance from A Xo B through Ca and C 2 is 
1 ^ 1 _ 1 C>-f ra 

coCa (j) CjC.i 

The ratio of the reactance of C* to this total reactance is 

1 

Zcl Ca 

1 Co “h C'.i Co C's 

Ca) CoC\\ 

and this is the proportion of the voltage across points A-By which is 
impressed in the second circuit. This gives us 



The total voltage set up in circuit 2 is then the sum of Em and 
due notice being taken of their relative phases. 



Fig. 109.—In some radio circuits t)oth mag¬ 
netic and capacitive coupling exist simul¬ 
taneously. 
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Now the voltage El^ is 90° behind I\ in phase and the voltage Ec^ is 
also 90° behind h. But it is to be noticed that by reversing the connection 
of coil L 2 , that the phase of El^ (in so far as its relation to Ec^ is con¬ 
cerned) may be reversed, hence the total voltage set up in circuit 2 may be 
either the arithmetical sum or difference of El^ and Ec^y as we please. 

The two voltages, Ei^ and Ec^^ in their relation to frequency, are 
shown in Fig. 110. Their sum is also shown, and it can be seen that within 
a certain frequency range (for example, from f\ to / 2 ) the voltage set up 
in circuit 2, by a cur¬ 
rent of fixed amplitude 
in circuit 1, is essentially 
constant. 

By properly propor¬ 
tioning El^ and E'c, it 
is ix)ssible to make the 
induced voltage set up 
in circuit 2 to vary (in a 
limited frequency range) 
in almost any desired 
manner. 

In another coupling 
scheme (shown in Fig. 

Ill) a so-called link cir¬ 
cuit, untuned, is used to 
connect the other two circuits. In this case the coupling between 
circuits 1 and 2 is obtained by calculating the coupling of circuits 1 and 
3 and then that of 3 and 2 . 



Fig. 110.- 


Frcquency 

-A possible action of the circuit of Fig. 109. 


— 








rhcn 


ki-,> = A'l 


M:< 


V L4 {L2 + /.a) 


•U, ,X.U:, 




(91) 


The link-circuil scheme is frequently very convenient in arranging 
laboratory circuits for making radio frequency measurements. It per¬ 
mits of getting a magnetic coupling without having at the same time a 
large and unknown electrostatic coupling. Circuit 1, for example, may 
be connected to a power tube, generally having an intense electric field 
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associated with it. Circuit 2 is the measuring circuit, in which a small, 
known, voltage is desired. Generally if circuit 2 is brought into proximity 
with circuit 1, the electric fields will give large and unknown errors. 

By enclosing circuit 1 in a copper box and using a link circuit as shown 
in Fig. Ill, to get the requisite power to the measuring circuit and ground¬ 
ing the link circuit, errors due to electric fields can be avoided. 



[Fig. 111.—‘‘Link-circuit’* coupling. 


CoefiScient of Coupling ” Sometimes Ambiguous.—Not only the 
relative positions of the two coils enter into the determination of their 
coefficient of coupling, but also the permeability of the medium used in 
their magnetic circuit, and the disposition of this medium, have their 
effects. Thus in Fig. 112(a) are shown two coils in air, having a coefficient 

of coupling of possibly 5 
per cent. In Fig. 112(6) 
these same coils, in the 
same relative positions, have 
been threaded by an iron 
core A-A. The coefficient 
of coupling may now be 90 
per cent, as metisured with 
60-cycle current. But if 
the measurement is made at 
1000 cycles, the measured 
value of coupling will probably be found about 50 per cent and at 10,000 
cycles it may be only 10 per cent, this variation depending upon the 
degree of lamination of the core. 

When both condensers and coils enter into the action of the two circuits 
coupled together, certain other ambiguities arise in interpreting the mean¬ 
ing of the term, coefficient of coupling. Thus in Fig. Ill circuit 1 and 
circuit 2 are coupled magnetically, with a coefficient of coupling given by 
Eq. (91). Let us now suppose that the link circuit is opened and a variable 
condenser put in the circuit. Then let us suppose that this condenser is 
adjusted to such a value that in combination with L 2 and L 3 it produces 
resonance for the frequency impressed in circuit 1. As this condenser is 




(a) 




Fig. 112. —The magnetic coupling between two coils 
(a) can be greatly increased by the use of an iron 
core threading both coils (b). 
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varied through its resonance value the current in the link circuit varies 
greatly and correspondingly the voltage induced in circuit 2 varies. As 
the current in circuit 1 may be maintained at a fixed value, while the 
condenser in the link circuit is varied, we have the anomalous situation 
that with fixed coupling and fixed primary current (fixed in both magni¬ 
tude and frequency) the voltage induced in the secondary circuit varies 
greatly. 

The link circuit in this case corresponds somewhat to the iron core of 
Fig. 112(6); it serves to transfer energy from circuit 1 to circuit 2, so that 
energy may flow more readily when the link circuit is present than if 
not. But with the tuning condenser present in the link circuit energy 
flows more readily from circuit 1 to circuit 2 at one frequency (the resonant 
frequency of the tuned link circuit) than at any other. 

But the coefficient of magnetic coupling between the two circuits 
(as ordinarily conceived) must evidently be independent of the adjust¬ 
ment of a tuning condenser in the link circuit. The link circuit in this 
case, however, acts somewhat like the iron core of Fig. 112(6), if w^e suppose 
that the iron has a high permeability for one frequency only. 

Resonance in a Circuit to Which Another Circuit is Magnetically 
Coupled.—In discussing this question we shall calculate the effect of cir¬ 
cuit 2 on the resistance and reactance of circuit 1. The method of analysis 
is somewhat more elementary than that ordinarily given (which depends 
upon the solution of simultaneous differential equations), and perhaps 
leads to a clearer insight into the mutual reactions of the two circuits. 
We shall assume unit current flowing 

in the primary (circuit 1), and get I ^AAAA/ i j j 

the voltage Eo induced in the second I 3 ^ ^ 

circuit by this current. This volt- ^ ^ olj ^ 

age will produce current in the second g o g ^ 

circuit, which current will be divided 1 r 1 I 

into its active and reactive compo- '-j ' ' —* 

nents (in phase with E 2 and 90° out ^ « x 1 . 1 

- , X rT'<i_ X- Fio. 113.—Inductively coupled circuits, 

of phase with E 2 ). 1 he active com- ^ condenser. 

ponent will be 90 behind the pri¬ 
mary current and will produce a voltage back in the primary circuit 
which will be 180° out of phase with the primary current; from this 
voltage we calculate the effect of the second circuit on the resistance of 
the first. 

The resistance of a circuit may he defined as the counter voltage set up 
in the circuit by a current of 1 ampere flowing, this counter voltage to be 180° 
out of phase with the current; in the same way the reactance of a circuit 
may be considered as the counter voltage set up in the circuit by a current 
of 1 ampere, the counter voltage to be 90° out of phase with the current. 
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In Fig. 113 suppose the current I\ is 1 ampere at frequency w/27r. 
Voltage induced in the secondary 

= = .(92) 

Current in circuit 2, 

^ Eo 

/2=—=-^,. ... (93) 

Zf2 Zi2 


and this current lags behind Ei by an angle defined by the equation 
tan 6= (jiL^/R'l. The active component of 1 2 is in phase with E> so we put 

, Hi 

cosO =—X—. 

The voltage induced in circuit 1 by this current is 

/2COS0X«-V = ^-^;-C^.U = (^-yft2. . . . (94) 

Z2 Z2 \ Zi / 

As this voltage lags 90'^ behind the inducing current h cos and as Ii cos 6 


lags 90° behind 1 1 , this voltage 




is 180° behind h and so is an 


fuMV 

IR reachon. As we assumed unit current in circuit 1 this voltage I I ^^2 

is really the increase in resistance of circuit 7, in ohmsy due to the current in 
circuit d. Hence the apparent resistance of circuit 1 is evidently 


H\=Ki + 


6 '- 


To those familiar with the algebra of complex numbers this detaihal 
method of analysis may seem tedious and cumlj<^rsome; it does have the 
merit, however, of making the reader follow more closcdy the physical 
actions occurring in the circuit and so is possibly to be preferred to the 
shorter method of complex algebra. 

Now the reactive current in circuit 2 is Ij sin and this current lags 
90° behind Eiy which itself lags 90° behind I\. The voltage induced in 
circuit 1 by this current h sin 6 will Ix^ equal to WilZ/j sin dy and this will 
lag 90° behind the inducing current h sin and hence will lag 270° 
behind Zi, that is, it leads I\ by 90°. 

Now the reactive voltage in circuit 1 due to L\ is 90° behind the 
current Zi. This may seem incorrect at first glance, because it makes 
the current Zi lead the reiictive voltage by 90°, whereas we know that 
an inductive circuit draws a lagging current. It must be remembered that 
the component of the impressed voltage which overcomes the react¬ 
ing voltage of the circuit must te 180° ahead of the reacting voltage itself; 
this makes the current in an inductive circuit lag behind the impressed 
voltagcy as it should. 
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It appears then that the voltage induced in circuit 1 by the current 
1 2 sin 9 is 180° out of phase with the reactive voltage in circuit 1 due to 
Li of circuit 1, hence the total reactive voltage of circuit 1 will be less 
when circuit 2 is present than when it is not present. 

The amount of voltage induced in circuit 1 by /2 sin 9 is o)Ml 2 sin 6 

V2 


and this is equal to 






So (he total reactive' voltage in circuit 1 when a current of 1 ampere is 


wMl.yos 

) 

1 V Zj y 

'0 Ii*one ampere 

—— * - - 

. I.^Kin tf / 

j 

/> 

1 2 cos 0 

\ 

I, 

—a;MI, -wM 


Fi(i. 114.—Vector n'lations of ami voltages in 

the of I'iic. 1 13. 



L 2 - 2&0ah 
«.5 Rp— 10,000 ohms 
M - K\/L,U,- 26 //A 


Fig. 115.—An actual radio 
circuit to which this 
theory applies; the re¬ 
sistance of the tuned 
circuit is materially in¬ 
creased by the plate 
circuit of the preceding 
triode. 


and from this w(' g(*l tlu* (‘(piivah'nt s(*lf-iiuluetion of circuit 1, 


and, of course, 



It is tlu'n'fore set'ii that tlie effect of the current in circuit 2 is to increase 


th(‘ n'sistance of circuit 1 by the amount 


induction by an amount 




U 2 and to decrease its self- 
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The foregoing relations are shown vectorially in Fig. 114. The phase 
of /i is taken as reference and the diagram at once becomes clear when it 
is remembered that a sine wave of current induces (in its own circuit as 
well as in any other circuits coupled to it magnetically) a sine wave of 
voltage 90^ behind the current. The division of the current I 2 into the two 
components shown is for convenience only; by doing it the two compo¬ 
nents of the voltage induced in circuit 1, by the current / 2 , have the 
phases desired. 

An illustration of the application of the foregoing theory, insofar as it 
deals with increase of resistance due to the presence of an untuned second¬ 
ary circuit, is given in Fig. 115, showing part of the circuit of a tuned 
radio-frequency amplifier. The L 2 -C 2 circuit is tuned to select the 
desired signal from all the others present in the air; how well it does this 
is determined by the sharpness of tuning of the L 2 -C 2 circuit. This 
circuit has a resistance of its own, and in addition, according to the 

theory above, the plate circuit of the 
vacuum tube will act to increase the re¬ 
sistance of the L 2 ~C 2 circuit. Between 
the plate and filament of the tube there 
is a resistance (of a peculiar sort) generally 
designated by Rp. This is so large com¬ 
pared to the resistance of coil Li that this 
latter may be neglected. 

In the table below are given the 
measured values of resistance of the L 2 -C 2 
circuit, with the L\ circuit open; it shows that the resistance increases 
rapidly as the frequency increases. This effect is taken up in detail in 
Chapter II. 

Now when the plate circuit of the tube (Fig. 115) is closed, the resis¬ 
tance of the L 2 -C 2 circuit increased as shown in the table. The increase, 
for any one frequency, is obtained by .subtraction, and evidently gives the 
resistance which the plate circuit introduces into the L 2 ~C 2 circuit. 

In the table is also shown the calculated value of resistance increase, 
using Eq. (95). The results show quite reasonable agreement l)etween 
test and theory; it is not possible to get the same accuracy of measure¬ 
ment at radio frequency as it is at 60 cycles. 


Frequency 

020 kc. 

1000 kc. 

moo kc. 

Ri of Lr~C 7 circuit alone with plate circuit open.. . 

7.2 

9.5 

16.0 

R'i of Lr-Cj circuit when plate circuit is closed . .. 

7.9 

11.7 

21.3 

Difference. 

0.7 

2.2 

5 3 

(uM)VRp. . 

1.0 

2.6 

6 9 



Fig. 116. —Inductively coupled cir¬ 
cuits with a condenser in the 
primary. 




EFFECT OF A COUPLED CIRCUIT 


121 


In such a circuit as that shown in Fig. 116 we can at once write the 
characteristics of circuit 1 by using Eqs. (95) and (96). 



These two equations may be written in a somewhat more convenient form 
for calculation, by combining terms, 


/i = 


EZ-i 




(a>jl/)' + /f l/i‘J — - 0>L2Ri~\'R2^^Li - 


( 100 ) 


l2 = 


U)Cl/ J 

E<j}M 




( 101 ) 


In case the impro.ssed frequency is adjusted to give resonance in the 
primary circuit (without the presence of the secondary) these equations 
reduce to the forms 


Ii = 


_FZ2_ 

V{uHP+RiR2y+w^L2m/ 


. . ( 102 ) 


/2 = 


Eo)M 

V{c^HP+RiR2)^+o,^L2^Ri-^' 


. . (103) 


if M is varied a maximum current will occur in the secondary when 

uHP = RiV^^~-i^L^ - feiZa.(104) 
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For this value of M the values of the two currents become 

^_ EZ2 

RiV2{Z2-+R-2Z2) . 

^ _ EcoAf 

RiV2{Z2-+R2Z-2) . 


(105) 

(106) 


Fig. 117 shows a set of experimental curves to illustrate the relations given 
above; the circuits were arranged as shown in Fig. 116 and the frequency 
adjusted for the value which gave resonance in the primary alone; the 



Viilue of M, in hocirys 

Fig. 117.—V^ariation of current with in rireuit of Fii'. 1 10 , for two valuer of secondary 

resi.stance. 


coupling was then varied and the two currents went through variations 
as appear from the curves. 

With the same value of frequency as used for the curves of Fig. 117 
and that coupling which gave maximum st^condtiry current (which value 
of coupling does not vary greatly as the st^condary rcisistance is varied, 
so long as the secondary resistance is small cornpari'd to the secondtiry 
reactance) a series of readings was taken to show tlui (*ffect of the secondary 
resistance on secondary current and so on the amount of power trans¬ 
mitted to the secondary circuit. The results are shown in Fig. 118; it 
is seen that the adjustments for maximum power of this circuit are not 
very critical. 
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By using the relation given in Eq. (96) we find the resonant frequency 
of the circuit of Fig. 116 is given approximately by 

. 

For very weak coupling, M approaching zero, it is seen that the value 

ol oj approaches the value — 7 =, as we know it should. 

V LiCi 

The resonance curve for such a circuit as that shown in Fig. 116 differs 
from the curve of the primary alone in that the critical frequency is higher 



I'kj. IIS. —\'ari:i(ion of jxiwor and current (in Circuit 2) with secondary resistance in 
circuit of Fig. 11(3, coupling constant. 


and the resonance curve is not .so sharp. The resistance of circuit 1 is 
increast'd by tlie amount given in Eq. (95) and the inductance is decreased 
))y the amount shown in Eq. (96). Fig. 119 shows the resonance curve of a 
circuit arrangt'd like that of Fig. 116; in curve A is shown the resonance 
action of the primary without the presence of the secondary. The same 
voltage was applied to the primary circuit in getting the two sets of curves, 
hence the magnitudes of current for the two curves give an exact measure 
of the effect of the secondary circuit upon the first. The calculated R' 
and // of the primary, using first the experimental data on the curve sheet 
of Fig. 119 and then Eqs. ( 95 ) and (96), agree within the precision of the 
expc'rimental work. 
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The resistance of the secondary circuit was then increased by 12 ohms 
and another resonance curve taken; the results are shown in Fig. 120; 
the curves of Fig. 119 are shown in dotted lines for comparison. It is seen 
that the addition of resistance to the secondary circuit makes the sharp¬ 
ness of resonance less and the effect of the secondary in determining the 
resonant frequency of the primary is somewhat less than for the lower 
resistance secondary circuit. 



Fig. 119.—Current v8. frequency in primary circuit of Fig. 116 with secondary open 

and closed. 


We will next consider the circuit shown in Fig. 121, the condenser now 
being in the secondary circuit instead of the primary. 

In this circuit the resistance of the primary is always increased by 
the presence of the secondary, but the effect upon the inductance depends 
upon the frequency impressed on the primary circuit. If the frequency 
is such as to satisfy the condition for resonance in the secondary 






L\ 


, the apparent inductance of circuit 1 will be the same as 







Amperes . 
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68 70 72 74 76 78 80 82 84 86 88 90 92 94 96 

Frequency 

Fig. 120.—Current rs. fre^iuency in circuit of Fig. 116 with added secondary resistance. 


the actual inductance, that is, the presence of circuit 2 does not affect the 
inductance of circuit 1. With higher than resonant frequency the apparent 


inductance of circuit 1 is decreased by 
the inductance of circuit 1 is increased. 
In other words, if /o lags Miind Ezy 
the effect on circuit 1 is to reduce 
th(' apparent inductance, whereas if 
the current in circuit 2 leads the 
generated voltage in this circuit, the 
effect on circuit 1 is to cause an in¬ 
crease in the apparent inductance. 

Applying Eqs. (95) and (96) to the 


circuit 2 and with lower frequency 



Fig. 121. —Inductively coupled circuit 
with condenser in secondary. 

circuit of Fig. 121 we get, 
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in which 



It is soon that if - is greater than L 2 , L'\ is greater than Li; if 

L'i = Li; if L 2 is greater than then L'\ is less than Li. 

a;“C2 c*3“C2 



246 65024 686024 6 « 70 2 1 6 6'J0 246 8 100 2 4 


Freqency 

Fio. 122.—Current w. frequency in primary circuit of Fi^. 121. 


Using the constants given in Kqs. (1()<S) and (lOD) we can write at onee 


_ Eo>M __ 


=. . . ( 110 ) 


, . (Ill) 









Reactance in ohms 
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which may be somewhat simplified to the forms 


.. 7 .. ■ ( 112 ) 

J <^HAP-L,L,)+^+R,R2 ’+a>2 LiR2+L2Ri—^ ' 

L C 2 J L a?^C2- 


c^{AP-UL2)+^+R,R2 

C 2 


R, R* 


(113) 
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I'ui. 123.—Change in primary resistance and reactance, due to presence of secondary 
circuit, for various frequencies. 
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In Fig. 122 are shown curves of primary current in such a circuit as 
given in Fig. 121; the voltage impressed on the primary circuit was held 
constant at 100 volts, and the frequency varied through a suitable range 
and current readings taken for three values of coupling between the two 
circuits. The value of primary current was also taken with secondary 
circuit open, and is shown in curve 4. From these curves it is seen 
that the effect of the secondary circuit may be either an increase or 
decrease in the primary current, depending upon the frequency used. 
In Fig. 123 are shown the values of change in primary resistance and 
reactance brought about by the action of the current in circuit 2; they 
were determined by subtracting from the apparent resistance and re¬ 
actance of circuit 1 the values of these quantities when the secondary 
circuit was open. 

A closer study of these curves will be worth while when analyzing the 
action of certain oscillating tube circuits. An oscillating tube may refuse 
to function if the resistance of the circuit to which it is connected is too 
high and it will be found that a tul>o may be made to stop oscillating by 
tuning to its frequency another circuit coupled to it. The reason is to lx? 
found in the extra value of the resistance added to the oscillating circuit 
by the second circuit when this second circuit is brought into resonance with 
the tube circuit. 

Phase Relations in the Circuit of Fig. 121.—In Fig. 124 is shown the 
vector diagram of the reactions set up in the circuit of Fig. 121. Assuming 
a current of 1 ampere in circuit 1, there are developc'd in this circuit two 
reacting voltages, due to its resistance and self-induction. These are 
shown in Fig. 124 as 01) and OC, res[x*ctively. Now the current I\ 
induces the voltage E 2 ( = ojMI i) in circuit 2, and this voltage lags 90^ 
behind the inducing current /i, and is so shown in Fig. 124. 

The voltage £2 sets up a current in circuit 2, the phase and magnitude 
of which depend upon the imfK'dance of this circuit. For fn^quencies lower 
than that required for resonance in the .second circuit, the current I 2 leads 
the voltage Ezj as shown at OA. This current induces a voltage back in 
circuit 1 in the pha.se shown at 90^ Ix^hind the current /l*. This 
voltage OB may be resolved into two components, OE and OF. 

There is then set up in circuit 1, by a current of 1 arnpcTe, a total voltage 
OG{-OD+OF) 180^ out of phas(? with the current I\. This vector OG 
therefore is a measure of the effective resistance of circuit 1, and it is this 
magnitude, Of/', which is specified by Eq. (108). 

There is also set up in circuit 1 a reacting voltage of Oil {-OC+OE) in 
phase 90^^ behind I\. This is then the magnitude to the total inductive 
reactance in circuit 1. It is to be noticed that the leading phase assumed 
for h (that is, leading with respect to E 2 ) in this diagram results in 
an increase in the apparent inductance of circuit 1. 
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In case the capacity of circuit 2 is increased, or the impressed frequency 
is increased sufficiently that the impressed frequency is higher than the 
resonant value for circuit 2, then the current I 2 will lag behind £ 2 . This 
condition is shown in 
Fig. 125 in which the 
various vectors have 
the same meaning as 
in Fig. 124. The total 
effective resistance of 
circuit 1 is now OG, 
much larger than for 
the previous case. 

This is because Fig. 

125 represents a con¬ 
dition closer to reso¬ 
nance in circuit 2 than 
does Fig. 124. 

The vector OE for 
Fig. 125 is subtractive 
when combined with the wLi/i vector, OC. The resultant effective 
voltage in circuit 1, in 90® phase relation with respect to /i, is now 0//, 
much smaller than OC. This means that the effective inductance of circuit 

1 has been decreased 
by the effect of cir¬ 
cuit 2. 

If we had assumed 
a slightly greater 
value for I 2 (in the 
same phase as in Fig. 
125) or a little greater 
capacity in circuit 2 
to make the current 
lag more, the vector 
OE would exceed in 
value OC, and the net 
vector would be lead¬ 
ing /i by 90®. This 
Tfieans that circuit 1, 
actually consisting of 
a coil and resistance, would draw a leading current from its power supply, 
acting as though it were a condefiser. 

Application of Circuit of Fig. 121.— The circuit of Fig. 121 is used in 
practically every radio receiving set, and upon its correct design depends 



Fio. 125.—The relations of Fiji;. 124 may be changed to 
those shown here by increasing either secondary capacity 
or impressed frequency. 



Fia. 124.—Vector relations for the circuit of Fig. 121. 
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the efficiency of the amplifier. The elementary connection scheme of 



Fig. 126.—A common vacuum-tube circuit. 


an amplifier is shown in Fig. 126, and this is reproduced in simplified 
form in Fig. 127. 

The first tube of the amplifier 
contains in its plate circuit the 
coil Li, and the second circuit, 
with the tuning condenser, feeds 
the power from the first tube 
into the second. The resistance 
Rp of the first tube (correspond¬ 
ing to Ri of Fig. 127) is the a.c. 
resistance of the plate circuit of 
the vacuum tube, generally about 
10,000 ohms or le.ss. The resi.s- g 
tance of coil Li is always negligible 
compared to Rp, The resistance 
R 2 is the resistance of coil L 2 , g 
generally a few ohms. The re- | 5 
sistance, r, is the a.c. resistance < 
of the input circuit of the second 
tube, generally 100,000 ohms or 3 

.2 


700 800 000 1000 1100 1200 1200 1400 1500 

R.P. M. of 10 pole ffencralor 

Fio. 128.—The frequency chnracteristic.s of 
the circuit of Fi^. 126; in actual radio cir¬ 
cuits the resonance phenomena are much 
sharper than those shown here. 

more. The condenser C 2 is variable, having a useful capacity range of 
about 10 to 1 ; due to the circuit characteristics (stray capacity of coils, 



Fig. 127.—The simplified equivalent 
of Fig. 126. 
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leads, etc.) its maximum capacity is not made less than about 300X10“^^ 
farad. 

Having the above-mentioned values, and neglecting the factor of 
selectivity for the moment, the circuit should be so designed that with a 
given voltage operating in the plate circuit of the first tube, there is 
obtained the maximum possible voltage across C 2 , this controlling the 
strength of the amplified signal. 

We first change the shunt resistance r into its equivalent series value. 
The basis for this equivalency is given on p. 255, where it is shown that 

we may write ^3 = ; , fia being the equivalent series resistance. As 

radio circuits are practically always used at resonance, we may write for 

1 L 2 

its equivalent, - - and*so find the relation — 

L2C2 C 2 r 


Z/2 

The total resistance of the second circuit is then 1^2+ 77 “* Assuming 

C^r 

the second circuit resonant, we find the total effective resistance of the 


lit ^u^ 


primary circuit I using Eq. (108) and putting o)L 2 




to be 


which can be simplified to the form 

R\=^Rx + 


COil/" 






L2C2R2 “ 1 “ i' 2 “/r 


(114) 


To get the maximum power output from a tube, the load circuit (from 
A to B of Fig. 120) should be resistive only and should be equal to the 
tulx' resistance Rj,, This is proved in Chapter VI. For best amplification, 
th(‘refore, we may put, after neglecting, R\, in comparison with the other 
term in Kq. (114). 

R 

" LiCiRi+L-r/r 

or 

M-’ = L2C2/?pfl2 + ^^.(115) 

r 


In Fig. 128 are given the results of a test bringing out the relations 
analyzed above, and it is seen that the voltage across the load is a maxi¬ 
mum at a certain frequency. The value of Li, compared to the other con¬ 
stants of the circuit, was too large to have the test duplicate exactly, the 
relations existing in a radio amplifier circuit, but qualitatively the curvea 
do illustrate the behavior of this type of apparatus. 
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It is to be remembered that when the optimum value of coupling is used 
(Eq. 115) the amount of resistance introduced into the plate circuit (Fig. 
126) by the L 2 -C 2 circuit is just equal to Rpy thus making the effective 
resistance of this circuit equal to 2Rp, Also the effect of the plate circuit 
on the L 2 -C 2 circuit is to give this circuit an effective resistance just twice 
its own true effective resistance. Thus each circuit acts to double the 
resistance of the other. The doubling of the resistance of the L 2 -C 2 circuit 
has the undesirable result of doubling its decrement, thus materially 
diminishing the selectivity of the circuit. 

Radio sets are seldom designed with a value of coupling as great as that 
given by Eq. (115); somewhat less than maximum possible amplification is 
obtained in the interest of selectivity. A typical circuit, tuned for 1000 kc., 
had constants as follows: /?2 = 7, Li = 10Xl0“^ L 2 = 200X10“®, C=100 
X10~^“, /^p=10‘‘, r = 2XlO^, A: = 50 per cent. We find M to be 
0 . 5 V 10 X 200 = 22.4 microhenries. By using Eq. (115) we find that for 
maximum amplification M should be equal to 58.4 microhenries. 

Coupled Resonant Circuits.—We next consider the more general case 
of two coupled circuits, each of which has inductance, capacity, and resis¬ 
tance, as indicated in Fig. 129. The resistance and inductance of circuit 1 
are obtained from Eqs. (95) and (96), as before. 


Then we have. 



(116) 

(117) 


/i = 


E 




(118) 


h = 


Eo)M 




(119) 


in which 
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In solving for resonant frequency we may assume that the resistance 
term of the impedance in Eq. (118) is nearly constant as the frequency is 
varied. The fraction wAf/Z 2 is 
evidently nearly constant as w is 
varied until a> approaches such 
a value that (cjZ/ 2 —I/C 0 C 2 ) is 
nearly equal to zero. In this 
region of frequency variation the 
resistance R\ varies greatly as 
frequency is varied and any 
solution which we may reach 
on the basis of R\ remaining 
constant, therefore, will not be accurate for frequencies in the vicinity 
of the natural frequency of the secondary circuit. 

Resonant Frequencies in Coupled Circuits.—On the assumption that 
R'\ is constant it is evident that I\ will be a maximum for any frequency 
that makes the reactance term of the impedance equal to zero. Hence we 
write as the condition for resonance 



Fio. 129.—General case of inductively coupled 
circuits. 


If now we again neglect R 2 in comparison with {^Lo -thus making 

it possible to replace Z 2 by -we have 




1 (r M .. 

-c, / 1 \K ' ’ ‘ ■ 


( 121 ) 


Now Eq. ( 121 ) can be written, 

Li U 


L1L2 — 


1 






which can be changed, by multiplying through by 7 -^, to the form 

LiL'2 


0)^ 


1 




IjzC'i L\C\ L1C1L2C2 L\L '2 


If we now put 


1 


1 


0)1 = 




0)2 = 


a/ L2C2 


and k — 


0. ... ( 122 ) 


M 


VL1L2’ 


we get 


U.*(l-ifc2)-«3(a,i2 + ‘O22)+<OlW = 0. . . . (123) 
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The solution of this equation is obtained by dividing through by (1 —fc^), 
properly completing the square of the left-hand member and extracting 
the square root, which gives 

=- 

2(1-F) 

By combining terms under the radical this becomes 

2 ( l - A ;*-0 * 

The two real solutions for w, which we call o)' and a;", are 


^ ^ /o)r + oJ2" ^(a)i^--a)2“0" + 4A’“aJi“W2“ 


and 


y'=M 


CJl 


“ + + ^ (o)!^ —aj2“)“4*4A:“c«;r 


0)2 


(124) 


(125) 


2(1-F) • • • 

When k is large (approximately unity) the values of w' and o)" are nearly 


and 


/ 0)\“0)2‘^ 
w' = \ ""TT— 
0)1**-}-0^2“ 

„ , lur+0}2~ 
^ l-k- 


When k is small the values of w' and co" approach the limits 


0)0 


and 


_ OH _ 


(126) 

(127) 

(128) 
(129) 


In Fig. 130 are shown the relations Ix^tween w' and co" and k; for small 
values of k Eqs. (128) and (129) determine the values and for the large 
values of k Eqs. (126) and (127) are used. 

In radio operation it is the practice to tune the primary and secondary 
circuits, that is, adjustments are made to make oii equal to 032 . In this 
case Eqs. (124) and (125) reduce to the very simple forms 


and 

in which w *= wi *= W 2 . 


VT+k’ 


Vi-k’ 


(130) 

(131) 
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In using Eqs. (130) and (131) it is convenient to remember that, for 
small values of kj we may write —rL=:z=l-^k/2 and — ~~- = l-^k/2. 

Vl+k Vl^ 

These approximations are quite accurate for the values of coupling gener¬ 
ally used in radio circuits. Thus with a coupling of 10 per cent the error 
in the above approximations is less than ^ per cent. With k as high 
even as 20 per cent the error is only about 1 per cent. 

The curves of variation in w' and co" as the coupling is varied for this 
ciise of tuned circuits are shown in Fig. 131. It is seen that for weak coup¬ 
ling both w' and cj" approach co, the natural frequency of each circuit; how¬ 
ever, it has been pointed out that the neglect of R 2 in obtaining the solu¬ 
tions of the resonant frequencies that the values of a>' and co" do not hold 



Fig. 130.—Variation of w' and a?" with k Fig. 131.—Variation of w' and w" with k in 
in coupled circuits, primary and sec- tuned coupled circuits, 

ondary not tuned. 


good when they have values in the vicinity of the natural frequency of 
the secondary circuit. Hence we can now see that for weak couplings the 
solutions for cx)' and oj" do not quite hold good. 

Referring to Kq. (119) it is seen that /2 = /i and hence in so far as 

Z2 

the factor is independent of the frequency changes, I 2 xvill have maxi- 
Zi2 

rnum values at the same frequencies as give maxuna for h. However, the 

factor is not independent of the frequency, and this is especially so 
Z2 

in the region of frequency fixed by the relation ^a)L 2 - 
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frequencies less than this the value of increases with the frequency and 

Z 2 

(jjM 

for values of frequency higher, the value of decreases with an increase 
of frequency. 

We can then conclude that, for frequencies in the region of 

1 


0)2 = 


VL2C2 


Eqs. (130) and (131), while slightly incorrect for primary current maxima, 
are somewhat more incorrect for the maxima of secondary current. In con- 


o)Af 

sequence of the changes in the value of ■— noted above, we may predict 

Z 2 


that when o)' and w" are not in the region of 0)2 the calculated values of o;' 



and o)" will be more accurate for the primary than for the secondary circuit, 
and that the actual value of oj' of the .secondary circuit will be somewhat 
higher than that for the primary and that the actual value of w" for the 
secondary will be somewhat lower than cu" for the primary current. 

The general form of the resonance curve of the circuit shown in Fig. 
129 is indicated in Fig. 132; the dotted curve shows the resonance for one 
circuit by itself. 

The value of the coefficient of coupling can be calculated from the 
spacing of the resonance peaks of the current curves; thus from Eqs. 
(130) and (131) we get the relation 

a)'2 l~Jk 
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from which there is obtained 


k=- 




,' 2 ' 


(132) 


In case the resonance frequency of one circuit by itself is known, and 
assuming tuned circuits, the equation for coupling value becomes more 
simple in form, giving the closely approximate value 



CO 


(133) 


CO being the frequency of one circuit by itself. 

In the foregoing discussion of resonant frequencies formulas have been 
derived using co for frequency; it is of course to be remembered that co is 



Frequency 


Fig. 133.—Experimental resonance curve for single circuit. 

not frequency, but 27 r times the frequency. The value of co has been used 
rather than frequency itself to save the repeated writing of the quantity 
2 t throughout all the derivations. 

In Figs. 133 to 140 are shown some experimental curves of resonance 
in coupled circuits for different conditions as regards coupling, resistances, 
tuning, etc.; Fig. 133 shows the resonance curve for a single circuit having 
L» 0.140 henry, Cs*28.9 microfarads, and ft = 4.50 ohms. 
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Fig. 134 shows the resonance curves for two coupled circuits, each cir¬ 
cuit had the same constants as those given for Fig. 133; the coefficient of 
coupling was 0.36. For these curves, as well as those of the two following- 
figures, it was intended that the circuits should be tuned to each other, as 
indicated on the curve sheets. Actually there was a defective connection 
which slightly mistuned the two circuits; this accounts for one peak of 
current being higher than the other. The curve of primary current is 
shown by the full line and that for the secondary circuit by the dotted 
line. The two resonant frequencies check with those calculated from Eqs. 
(130) and (131) within the precision of the test. 



Fig. 134. —Resonance! curve for coupled circuits, each circuit having approximately 
constants as in Fig. 133. A:=0.3(). 

In Figs. 135 and 136 are shown curves of current for the same two cir¬ 
cuits as those used in Fig. 134 but with different values of coupling, this 
being 0.18 for Fig. 135 and 0.07 for Fig. 136. It may be seen that with 
small values of coupling the two frequencies merge into one another and 
Eqs. (130) and (131) do not predict accurately the resonant frequencies 
of the primary circuit and for reasons noted in the derivation of the for¬ 
mulas; the predicted values of w' and w" for the secondary circuit differ 
from the actual values more than do those of the primary circuit. 

A peculiarity of all these resonance curves is seen in the relative values 
of the primary and secondary currents; between the two resonant fre¬ 
quencies the secondary circuit carries a greater current than the primary, 
but for all other frequencies the primary carries a greater current. If 
a weaker coupling than that used in the adjustments for Fig. 136 had been 








Amperes 
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used it would have been found that the primary current was greater than 
the secondary current for all values of frequency. 



Frequency 


Fig. 135.—Resonance curves for circuit as shown in Fij^. 134, A: = 0.18. 


In Fig. 137 is shown the result of increasing the resistance of the 
secondary circuit from 4.5 to 9.7 ohms; with this exception the circuits 



Frequency 

Fig. 136.—Resonance curves for circuit as shown in Fig. 134, A: =0.07. 

were exactly the same as those used for Fig. 134. By comparison of the 
two sets of curves it will be seen that the two resonant frequencies are. 
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within the precision of measurements, the same for the two conditions; 
the value of the current at resonance is, however, decreased in nearly the 
proportion predicted from the value of resistance, calculated from Eq. 
(116). The decrease in current, it will be noted, takes place in both cir¬ 
cuits although the resistance of the secondary circuit only was increased. 
The resonance is much less marked than for the lower resistance used 
in Fig. 134. 

Form of Resonance Curve.—The form of the resonance peaks is deter¬ 
mined by the combined decrements of both circuits. For the simplest 



Frequency 

Fia. 137.—Resonance curves for circuit shown in Fig. 134 with added secondary 

resistance. 


case, that of tuned circuits, it will be found that the decrements will be 
nearly given by the approximate formulas: 


For the frequency w' 


2 VT+fc’ 


(134) 


and for the frequency co" 


5 " 


^1 + ^2 

2yT^' 


(136) 


in which 5i and 52 are the decrements of circuits 1 and 2 when not affected 
by other circuits. 

The decrements 5' and 5", calculated from the shape of the curves of 
Figs. 134 and 135 by use of Eq. (52), check with the values given by Eqs. 
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(134) and (135) fairly well; it is noticeable that in all the curves given 
the width of the resonance curve is greater for the higher frequency than 
for the lower, indicating thereby a greater decrement. With weak coup¬ 
ling the form of the curves does not permit the calculation of 5 ' and 5", 
because the two peaks merge into one. 

Circuits not Tuned.—In Figs. 138 and 139 are shown the resonance 
curves for two circuits which are not tuned, that is, wi is not equal to 
C 02 . For this condition the curves are not as symmetrical as for the 
tuned condition, and the currents in the two circuits are no longer nearly 
equal to each other at the two resonant frequencies. At one resonant 



frequency the primary circuit carries more current than the secondary 
and at the other frequency the reverse is true. The difference in the 
two currents is greater the greater the difference in the natural periods 
of the two circuits. For Fig, 138 the natural frequency of circuit 2 is 
15 per cent lower than that of circuit 1, and for Fig. 139 circuit 2 has a 
natural frequency 29 per cent lower than that of circuit 1. 

Effect of Mistuning on the Shape of the Resonance Curve.—The data 
given in Figs. 134-136 state that the two circuits were tuned to the same 
frequency, but it was found in checking them that there was a shght 
discrepancy in the LC products. This inequality accounts principally 
for the fact that the current value at one resonance frequency is higher 
than at the other. 
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We will first assume tuned circuits, having equal inductances and 
capacities. At the two resonance frequencies, w' and co", we find from 
Eq. (118) that, for low power factor coils, the primary current is given 
by E/{R\+R 2 )- At the two resonance frequencies, co' and oj", the circuits 
show unity power factor so that the primary current h is limited only 
by the effective resistance of this circuit. Using Eq. (116), we find the 
effective resistance R'l to be equal to i^i+7^2 at each of the frequencies 
w' and w", so this checks the result which we just stated could be obtained 
from Eq. (118). 

At very low values of coupling we have shown that Eqs. (130) and 
(131) are not quite correct; in the same way the statement that 



Ii=E/{Ri-\-R 2 ) at 0 )' and co" is incorrect if very low values of coupling 
are assumed. For values of coupling equal to, or greater than, the power 
factor of the coil in the secondary circuit, the above approximations are 
quite accurate. 

From the statement that h =E/{Ri+R 2 ) at both w' and w", it follows 
that the values of primary current at both resonance peaks should be 
the same. Further, as /2 = wAf/i/Z 2 , it can be shown that the two peaks 
of secondary current will have the same magnitude. 

If the condenser of either circuit is decreased, both co' and co" are 
increased, whereas a decrease in co' and co" takes place if either condenser 
is increased. The same idea holds good if either inductance is changed. 

We can calculate the effect on h of changing Ci and C 2 with the help 
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of Eq. (116), after making the approximation that at the frequencies 
w' and w", Z 2 has the same value as WL 2 — l/a>C 2 . Then we have 

OiM \2 

- AR2 .(136) 

“‘“-ZcJ 

By noticing the changes that take place in as w' and co" are changed 
by altering either Ci or C 2 , we come to the conclusion that if Ci is decreased, 
h has its greater peak at co", and if Ci is increased, h has its greater 
peak at w'. The amount of change in peak values as the circuits are 
mistuned depends upon the value being greater as this is increased. 

A series of calculations on two theoretical circuits shows results as 
follows: 

I. Tuned circuits: 

Li =L 2 = 1 henry. Ci = C 2 = 100 microfarads, 

ifi = /^2 = 1 ohm. El =20 volts. ^ = 0.40. 


R'i = R+l 


(It is well for the student to appreciate the fact 
that there is a certain correlation between the induc¬ 
tance, resistance, and weight of a coil. Thus we have 
here assumed 1 henry inductance and 1 ohm resistance; 
such a coil could be built only by using many turns 
of large-sized wire to make a coil of 2 or 3 ft. diameter. 
The coil would weigh several hundred pounds!) 

a;'= 84.6. E'l at aj' = 2. /i at a;'= 10 amperes. 

co" = 129.2 R'l at co" = 2. /i at cj" = 10 amperes. 

II. Mistuned circuits: C 2 increased to 156 microfarads. 

co'= 73.0. R'l at co' = 4.8. 7i at w' = 4.17 amperes. 

co" = 119.0. R'l at w" = 1.5. 1 1 at w" = 13.4 amperes. 

III. Mistuned circuits: C 2 back at 100 microfarads. Ci = 156 mf. 

co'= 73. E'l at w' = 1.23. /i at co'= 16.3 amperes. 

a)" = 119. R'l at a;" = 2.90. h at cj"= 6.9 amperes. 

In all cases /2 is given by the relation 



so the peak values of /2 at co' and a>" can readily be calculated. 
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Experimental results showing the effect of such a capacity change as 
that calculated above are given in Fig. 140. In curve A the two circuits 
were tuned and both peaks of primary current have essentially the same 
magnitude. Doubling the value of condenser used in either circuit 
decreased both w' and co" by about half the percentage change which 
would have occurred if both circuits had been subjected to the same capac¬ 
ity change. 

The new values of w' and w" are the same no matter which circuit has 
its condenser changed. When the value of Ci is increased the greater 
current peak occurs at the lower frequency, w', and if the secondary 



Fig. 140.—As the two circuits are mistuned, one peak becomes more prominent than the 
other; all three curves are for current in the primary circuit. 


condenser is the one which is increased, then the greater current peak 
occurs at the higher frequency, w". 

Variation of Coupling with Tuned Circuits.—In Fig. 141 is shown 
the effect of varying the coupling between circuits 1 and 2, they being 
tuned alike. A constant e.m.f. was impressed on circuit 1 and the coupling 
of the two circuits was gradually increased from zero to the maximum 
obtainable. It might seem at first sight that the secondary current 
would be greater the greater the coupling, as would occur in ordinary 
transformer tests, but with tuned circuits as used in radio this is not the 
case. For a given resistance of circuits there will be a certain coupling 
which gives the greatest secondary current and the lower the resistance 
of the circuits the less this critical value of coupling will be. 
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This might be predicted from Eq. (119) by differentiating I 2 with 
respect to Af; it will be found that with tuned circuits having impressed 
on the primary a voltage of the same frequency as that for which the cir¬ 
cuits are tuned, a certain value of M will produce a maximum secondary 
current and this value of M will depend upon the resistances in the two 
circuits. This condition for maximum secondary current proves to be 
fixed by the relation, 

ojm^ = RiR2 .(137) 

The curves of Fig. 142 were taken with the idea of proving this relation 



0 .02 .04 .06 .08 .10 d2 .14 .16 .18 .20 22 .24 .26 .28 .30 .32 .34 .36 


Coelflcient of Coupling 

Fig. 141. —Secondary current vs. coefficient of coupling in tuned coupled circuits. 


and also to show the effect of the secondary resistance on the sensitive¬ 
ness of the adjustment for maximum secondary current. If the two cir¬ 
cuits are tuned alike and the frequency of the e.m.f. impressed on the pri¬ 
mary is the same as the natural frequency of either circuit the values of 
the primary and secondary current may be obtained by simplifying Eqs. 
(118) and (119) and are found to be 


and 


ER2 

RiR2+o^^M^' 

Eo)M 

RiR2+oi^M^ 


(138) 

(139) 
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The experimental curves given in Fig. 142 follow the values predicted 
from Eqs. (138) and (139) within the precision of measurement, that is, 
within less than 1 per cent. 

Resonance in Circuits with Capacitive Coupling.—The equations for 
1 1 and 1 2 are obtained for this case in a fashion exactly the same as that 
used for the magnetic coupling, and the conclusions reached are nearly 
the same. Using coi, W 2 , and k in the same sense as for the magnetically 
coupled circuits we get for the two resonant frequencies of the combination 


/_^ — co2“) “f*4A"'“ <j) I“0)2^ 

^ • 

^// _ . /aji“ + cj2“~ ^(a)l“ — a)2“)“ + 4/[:“coi^co2" 


(140) 

(141) 



Fig. 142.—Current vs. mutual inductance in tuned coupled circuits, with different 
values of secondary resistance. 


In applying these formulas the valqes of wi and co 2 must be calculated in 
a manner somewhat different from that used for the magnetically coupled 
circuits. It will be remembered that for magnetic coupling these two 
frequencies were fixed by the L and C of the circuit in question and were 
independent of the constants of the other circuit and of the coupling used. 
Such is not the case for capacitive coupling, however. The frequencies 
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coi and 02 depend upon the capacity used in the other circuit and upon 
the coupling in the fol¬ 
lowing manner. 

In Fig. 143 the fre¬ 
quency oji is fixed by 
Li and by the capacity 
Cl in parallel with C 3 
and C 2 in series. Thus 
CO I may be varied by 
changing either the 
coupling condenser C:i, 
or the capacity of the 

second circuit C 2 . Hence we have the formulas 

1 1 



coi -- 






6*2^ CV 


(142) 


and 






(143) 


I"or the value k we have 


k = - 




v'(r,+CH)(C’2+C3)‘ 


(144) 


In Fig. 144 are shown the resonance curves for a combination of cir¬ 
cuits nearly like that shown in Fig. 143; the coupling condenser was in 
two parts as shown in the sketch on the curve sheet. 

Using the values of L and C indicated on the curve sheet we have 


10 ’^ 


COI = 


I '/ 4.55X18.3\ 


= 470 


or/i = 74.8 cycles and the same value for/ 2 . 

From the curve sheet/" =82.5 and/'= 67.0, so we find k from the curve 
sheet to be 0.208, by Eq. (133) and estimating the frequency of one circuit 
alone as the average of /" and /'. By using the known values of Ci, 
C2, and C3, and Eq. (144), we find k to be 0.207. 
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The value of k could have been calculated without knowing the con¬ 
stants of the circuits by using Eq. (132). 


We have 


82 . 52 - 67.02 
82.52 + 67.02 


= 0.207. 



Fia. 144.—Resonance curves for capacitively coupled circuits. 


When coi = w 2 , Eqs. (140) and (141) reduce to the simple forms 


w' = «vT+fc,.(145) 

0 )" = a)V'r^,.(146) 


and if further Ci = C 2 , then when C?, is varied, thus varying the coupling, 

w' stays constant and equal to — 7 ^=. 

VLiCi 


Special Forms of Coupled Circuits.—It has been shown in the previous 
paragraphs that two coupled circuits, each having coils and condensers, 
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have two resonance frequencies, and that the 
frequencies change as the coupling is altered, 
other decreasing as the coupling is tightened. 

It is possible to design coupled circuits with 
such constants, however, that one of the two 
resonant frequencies remains constant as the 
coupling is changed. 

In Fig. 145 is shown a conductively coupled 
circuit, the coil Lm being common to both cir¬ 
cuits. If we choose Li = L 2 = L and Ci = C 2 = C, 
we find for the two resonant frequencies 


values of both of these 
one increasing and the 


I— 


—I 


Cx 


Fig. 145.—A simple conduc¬ 
tively coupled pair of cir¬ 
cuits. 


and 


V{L+2L^)C 


1 

VTc 


(147) 

(148) 


It is evident that co" is independent of the coupling determined by the 
ratio of L,,, to L+L,,,. 

As the coupling coil Lm is increased in value the two resonance 
frequencies do separate, as in other cases of coupled circuits, but all of 



Fig. 146.—As the coupling coil of Fig. 145 is Fig. 147.—A simple capac- 
varied, one of the resonance peaks stays fixed itively coupled pair of 
at a certain frequency. circuits. 


the frequency change takes place in the lower frequency. The resonance 
curves showing this effect are given in Fig. 146, for three values of the 
coupling coil Lm. 

The same peculiar behavior of the resonance frequencies may be 
obtained with capacitively coupled circuits. With an arrangement as in 
Fig. 147, there are two resonance frequencies, the separation of which 
depends upon the degree of coupling. The condenser Cm affects the 





150 


FUNDAMENTAL IDEAS AND LAWS 


[Chap. I 


coupling, this being low if Cm is large and approaching unity as Cm 
approaches zero. For the circuit of Fig. 147 we have in general ^ 


-.4 


ClCn 


{Ci+C„,)iC2+C„) 


011=4 


Cl+(7,„ 


LiCiC,,, 




-hC,n 

c. 


(149) 

(150) 

(151) 


And if Cl = C 2 = C and Li = L > = L we have 


and 


, /2C+C. 

^ LCCrn 



(152) 

(153) 


which latter frequency is evidently independent of coupling.^ 

Characteristics of Filters.'^ —From the material already given in this 
chapter it is evident that coils tend to pass low-frequency currents much 
more readily than high ones, and that the reverse is true for condensers. 
Further, that a coil and condenser in series pass one certain frequency and 
tend to block out all others, and that a coil and condenser in parallel tend 
to block one certain frequency and pass all others, either higher or lower. 
Also that by using two similarly tuned circuits coupled together loosely, 
a low impedance is, offered to all frequencies within a certain band, and 
high to all outside this band, and that if the coupling is increased two 
certain frequencies may be passed readily and all others eliminated. 

By inspection of curves, and formulas developed in the earlier part; of 
this chapter, it may also be concluded that the discriminatory power of 
these circuits is determined primarily by the ratio of resistance to reactance 
of the devices used, being greater as this is less. 

^ For this and similar circuits see Radio Instruments and Measurements,” Bureau 
of Standards, Circular No. 74. 

^For further discussion on coupled circuits see article by Purington, Proc. I.R.E., 
June, 1930, p. 983. 

^See ^‘Physical Theory of Electric Wave Filters,” G. A. Campbell, B.S.T.J., 
November, 1922; “Theory and Design of Composite Electric Wave Filters,” O. J. 
Zobel, B.S.T.J., January, 1923; “Theory of Electric Wave Filters Built up of Coupled 
Circuit Elements,” L. F. Peters, Journal A.I.E.E., May, 1923; and “Mutual Inductance 
in Wave Filters with an Introduction on Filter Design,” K. S. Johnson and T. E. Shea, 
B.S.T.J., January, 1925. 
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Circuits which are designed primarily to pass currents of certain fre¬ 
quencies and reject others are called filters, and in the succeeding sections 
we shall discuss a few of the simpler types. 

Coil-resistance Filters.—If a coil of 0.1 henry is put in series with a 
resistance of 50 ohms (some of the 50 ohms will be in the coil itself) and 100 
volts of varying frequency is impressed on the circuit, the current which 



Fig. 148.—Action of simple coil filter. 


Fig. 149.—Action of simple condenser 
filter. 


flows follows a variation as depicted in Fig. 148. At low frequencies 
2 amperes flow, the coil offering practically no reactance; at 100 cycles 
only 1.2 amperes flow, and at 1000 cycles only a small fraction of 1 ampere 
can be forced through the circuit by the impressed voltage. This then is a 
low-pass filter of a simple sort. 

If a condenser of 60 microfarads is put in series with 50-ohm resistance, 
and a 100-volt power supply of varying frequency is connected to the cir¬ 
cuit, the current which flows at various 
frequencies is as shown in Fig. 149. At 10 
cycles very little current flows, at 100 
cycles less than 1 ampere, and at 1000 
cycles nearly 2 amperes. For all fre¬ 
quencies above 1000 cycles, 2 amperes 
flow. This then is a circuit which readily 
passes high frequencies and eliminates 
the lower ones; it is called a high-pass 
filter. 

Inductance-capacity Filters.—Neither 
of the two circuits discussed above shows 
a discrimination which varies rapidly with 
frequency; to obtain this characteristic it is necessary to use inductance 
as well as capacity in a network of some kind; of course, resistance also 
is necessarily present, although generally objectionable. 

In Fig. 150 are shown two types of filter, using combinations of coils 
and condensers; the arrangement a is a low-pass filter, and arrangement h 
is a high-pass one. In each case the combination of one coil and its corre¬ 
sponding condenser is called a section) there are three sections in each of 



Fig. 150. —Two types of multiple- 
section filters; a is a low-pass 
filter and 6 is a high-pass filter. 
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the two filters of Fig. 150. In general, the more sections there are the 
sharper is the discrimination between the desired and undesired frequencies. 

There are two important characteristics to be considered in designing 
a filter for any particular problem, its surge impedance (sometimes called 
iterative impedance) and its cut-off frequency. By surge impedance is 
meant the impedance the filter would offer, at its input terminals, if it were 
very long, that is, if the filter were made up of a great many sections. 
The cut-off frequency, as the name implies, is that frequency at which 
the filter suddenly changes its transmitting ability, from high attenuation 
to low, or vice versa. The student especially interested in filter design 
and performance should consult some such book as 
Piercers Electric Oscillations and Electric Waves, 
or Johnson’s Transmission Circuits for Telephone 
Communication. ’ ’ 

Having a high-pass filter (h of Fig. 150) with in¬ 
ductance per section Li and capacity per section Ci, 
its typical section is of the so-called T form, and is 
made up as shown in Fig. 151. There are two con¬ 
densers per section, each of capacity 2 Ci. As these 
two condensers are connected in series the capacity 
per section is only equal to Ci, the same as one piece of the actual filter. 
For this section the cut-off frequency is given by the relation 


HI 


2Ct 




2Ci 


Fig. 151.—One typ¬ 
ical section of a 
high-pass filter. 


Fo = 


_ 1 _ 

47rVZ7Ci’ 


(155) 


and the surge impedance for a section made up as in Fig. 151 is 

. 

By combining these equations we get 

0.0796 

Ci=-^-hirad . 

and 

^ 0.0796 Zo , 

- 7 ^-henry. 

ro 


(156) 


(157) 

(158) 


To make a filter perform properly the resistance of the load circuit 
must be the same as the surge impedance. Stating this condition differ¬ 
ently we say that the filter must be designed with a surge impedance equal 
to the resistance of the load into which it is to work. When we state that 
the surge impedance must be equal to the load resistance we really state the 
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condition that there shall be no reflection of energy from the end of the 
filter. The ratio of voltage and current of a pulse of electric energy travel¬ 
ing along the filter is given by Zo, the surge impedance. When this pulse 
meets the load resistance R{R=^Zo) all of its energy 
is at once absorbed by this load; the ratio of pulse 
voltage and pulse current is just right to suit the 
load resistance so none of the pulse energy needs to 
be reflected. 

The low-pass filter (a of Fig. 150) is regarded 
as made up of sections having the same inductance 
as each actual coil of the filter, and two condensers, 
each having half as much capacity as the actual filter 
condenser. This type of section is called a tt section, 
and is shown in Fig. 152. For such a section it can be shown that the 
cut-off frequency is given by 



Fig. 152.—One typ¬ 
ical section of a low- 
pass filter. 


and surge impedance 


from which we derive 


and 


Fo = 

Zo = 

C2 = 

L2 = 



0.318 


F oZ() 


farad 


0.318 Zo 
Fo 


henry. 


(159) 

(160) 
(161) 
(162) 


It will be noticed that at the cut-off frequency the high-pass filter has 
an inductive reactance 27r/Li, equal to half the load resistance, and a 
capacitive reactance equal to twice the load resistance. The reverse is 
true for the low-pass filter, 27r/L2 being twice as large as the load resis¬ 
tance, and the capacitive reactance, l/27r/C2, being but half the load 
resistance. 

In Fig. 153 are shown the experimentally determined curves for one 
section of low-pass filter designed to cut off at 1000 cycles and one section 
of high-pass filter designed to cut off at 2000 cycles. The approx¬ 
imate values of inductance and capacity used in these two sections is 
shown in Fig. 154. Of course by putting several similar sections in series 
the cut off takes place more abruptly; that is, the discrimination between 
desired and undesired frequencies is accentuated. 

In Fig. 155 are shown the performance curves of three sections, in 
series, of the filters shown in Fig. 154. It can be seen that as the number 
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■B 




of sections is increased the cut-off frequency becomes more sharply 
defined, also in the selected and rejected regions, the various frequencies in 

each region are treated 
more nearly alike. 

It is possible to build 
filterswithmuchsharper 
cut off than those shown 
in Fig. 153 by using 
somewhat more compli¬ 
cated types of section. 
In Fig. 156 is given a 
section of L.P. (low- 
pass) filter which shows 
a much sharper cut off 
than the curves of Fig. 
153. When a load re¬ 
sistance of 125 ohms is 
connected to its output 
terminals it performs as 
shown in Fig. 157, curve 

200 300 400 600 1000 2000 4000 10000 i 

Frequency A. Ill another section 

Fig. 153.—Experimentally determined performance of one same type the 

section each of low-pass, and high-pass, filter. lil^C inductances were 

0.336 henry with 5.13 

ohms resistance, the shunt path had a coil of 0.191 henry and 3.74 ohms 
resistance, and the condenser had 12 microfarads of capacity. When 
supplying power to a 125-ohm load the section 

performed as in curve B of Fig. 157. The cut- —IhHI—^ 

off frequency has been advanced from 50 cycles ^ JI % | 

to 80 cycles principally by the change in con- | I 025 henry i | 

stants of the shunt path. "" y f | 

In this same diagram (Fig. 157), curve C ° ^ ^ 

shows the performance of a high-pass (H.P.) o i niwnn r Q 

filter section made up as in Fig. 158. The load .20iienry 

in this case also was 125 ohms. I H S 

Filters for Separating Two Bands of Fre- ^ 

quency. — In Fig. 159 is shown a network for q_J _—J ® 

separating two ranges of frequencies coming _ 

over a telephone line. The L.P. section shows ^entsfor getting the results 
practically no attenuation for all frequencies jrjg 153 ^ 
below 2800 cycles, and the H.P. filter shows 

practically no attenuation for frequencies above 3200 cycles. The per¬ 
formance of these two filters, when each has a load circuit of 600 ohms, 


Fig. 153.—Experimentally determined performance of one 
section each of low-pass, and high-pass, filter. 


ments for getting the results 
of Fig. 163. 
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is shown in Fig. 160. The diagram gives in dotted lines the attenuation 
in decibels, a logarithmic measure of power ratios. The explanation of this 
scheme of amplification, or attenuation, measurement is taken up in the 
chapter dealing with amplifiers. Plotted in full lines is the performance 



Fia. 155.—Actions of multiple section filters made up of sections similar to 

those of Fig. 154. 


of the filters in terms of voltage at the load divided by voltage at input. 
These curves show the discrimination possible with commercial types of 
filters. 

Band Pass Filters.—In certain kinds of telephone communication 
it is desirable to use a filter which 
will pass equally well all currents 
in a definite frequency range and 
reject all others; these are called 
band pass filters. As one might 
expect, they are somewhat more 
complicated in their make-up 
than the simpler L.P. or H.P. 
filters. In Fig. 161 is shown 
one band pass filter, and in Fig. 162 is shown its performance. In this 
curve also the ratio of output voltage to input voltage is given by the 
solid line curve, and the decibels attenuation is given by the dotted 
curve. 


.28 henry 


.28 henry 



Fig. 156.—A low-pass filter section, with 
resonant shunt path. 







Ratio. Eimpretfaed 
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Power Supply Filters. —The power supply for the plate circuit of the 
modern radio set is practically always obtained by rectifying an a.c. 
supply, thus getting unidirectional, pulsating current. The pulsations in 



10 20 30 40 60 100 200 300 400 

Freciuency 


Fig. 157.—Characteristic curves (A and B), 
of filters similar to that of Fig. 156 and in 
curve C is shown the performance of the 
section shown in Fig. 158. 


this current are all multiples of 
the power supply frequency if a 
“single-wave rectifier’^ is used, 
and are all multiples of twice this 
frequency if a “ two-wave recti¬ 
fier,^' or “ full-wave " rectifier is 
used. These pulsations must be 
ironed out before the power is put 
into the plate circuits of the radio 
set. In Fig. 163 is shown a filter for 
doing this; it is shown as having 
three sections. It is not generally 
necessary to use as many as three 
sections, two usually being plenty. 


40 40^l/ 



Fig. 158.—A high pass filter section, with 
resonant shunt path. 


Assuming that one volt of various frequencies is impressed on the 
beginning of the filter, the amplitude of those frequencies which appear 
across the 5000-ohm load, for a one-, two-, and three-section filter, are as 
shown in the accompanying table. 


Frequency 

0 

CO 

120 

180 

240 

300 

One section. 

0.98 

0.35 

0.075 

0.032 

0.018 

0.011 

Two sections. 

.96 

.12 

.0056 

.0010 

.00032 

.00012 

Three sections (as in Fig. 163) 

.94 

.048 

.00042 

.00003 

.000006 

.000001 


It will be appreciated that there must be negligible mutual induction 
between the three coils if the high attenuation of the foregoing table is 
to be obtained. A coefficient of magnetic coupling between the first and 
third coils of the filter, of only a very small fraction of 1 per cent, would 
materially increase the amplitude of the higher harmonics at the load. 
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It is well to have each coil and its associated condenser in separate sheet- 
iron boxes, if best performance of the filter is to be expected. In the 
average radio set not more than two sections of filter are used, and some¬ 
times only one gives 
sufficient filtering ac¬ 
tion. 

With a two-wave 
rectifier, and 60-cycle 
supply, there is no 
60-cycle ripple to be 
eliminated by the 
filter; the 120-cyclc 
frequency is the lowest 
one present in the 
rectified .alternating 
current. The three- 
section filter of Fig. 163 would reduce this ripple, at the load, to only 
0.042 per cent of what it has at the power supply end of the filter, whereas 
the c.c. component (zero frequency), which it is the function of the fiilter 
to deliver, has a voltage at the load 94 per cent of its value at the power 

supply end. In case 
electrolytic con¬ 
densers are used, this 
figure is not quite 
correct because each 
of the condensers 
draws a small contin¬ 
uous current, suffi¬ 
cient to keep itself 
properly polarized. 

Characteristics 
of Circuits Having 
Distributed Induc¬ 
tance and Capacity. 
—Prior to the sec¬ 
tions on filters the 
analyses given apply 
only to those circuits 
in which the induc¬ 
tance and capacity are concentrated; another way of specifying the circuits 
with which we have been dealing is to state that the current, at any given 
instant, is exactly the same at every point in the circuit. This condition 
holds for the majority of radio circuits, but there are cases where it evidently 



LOW PASS FILTER 



Fig. 159.—A network for separating two ranges of fre¬ 
quencies coming over a telephone line. 
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does not obtain, thus practically every antenna has zero current at its 
farther end, whereas the current entering it at the base may be many 

.048/J/ .04S/i/ .048/7/ .048/7/ .048/7/ 



.048/7/ .048/7/ .048/7/ .048/7/ .048/7/ 

BAND PASS FILTER 

Fig. 161.—A typical band pass filter. 


amperes. This is the most striking case of a circuit which has a current 



9000 IC.CCO IJ.OOO 12,000 13.000 14,000 

Cycles per second 


varying along its 
length, but there are 
others in which the 
same effect exists to 
a lesser degree. A 
coil, for example, may 
have an internal dis¬ 
tributed capacity 
which appreciably 
affects its behavior. 

The change in cur¬ 
rent at successive 
points along an an¬ 
tenna is due entirely to 
the distributed capac¬ 
ity; each unit length 
contributes its share 


Fig. 162.— Performance of the filter shown in Fig. 161. to the total capacity 

and of course requires 

its proportion of the total charging current. The current flowing in at the 


base of the antenna must be sufficient 
to charge the whole length, while that 
flowing past the middle point of the 
antenna must be sufficient to charge 
merely the upper half of the antenna, 
and so will be considerably less 
than the current at the base of the 
antenna. 

Every coil has more or less distrib¬ 
uted capacity, every piece of the 


6.45 henry 5.45 henry 6.45 henry 



Fig. 163. —Filter for smoothing out the 
ripples" of a power supply, obtained 
by rectifying alternating current. Each 
coil has a wire resistance of 100 ohms. 


winding acting as one plate of a condenser for every other part because 
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the various parts are at different potentials and so will have electric fields 
set up between them when the coil is excited. But, if when a coil is used, 
it sets up an electric field as well as a magnetic field, it must be considered 
as a combination of coil and condenser. This internal capacity varies 
in magnitude appreciably as the frequency, at which the coil is used, is 
varied and so cannot be treated correctly as a concentrated capacity. As 
ordinarily used a coil does not show much effect from this internal capacity 
because the condenser to which the coil is attached has so much more 
capacity that the internal capacity is completely masked; if, however, 
the coil is used for tuning a circuit and the tuning condenser used has a 
small capacity then the internal capacity may produce an appreciable 
effect on the tuning qualities of the circuit. The calculation of this 
internal capacity and its effect on the apparent inductance of a coil will 
be taken up in the next chapter. 

Now the resistance and reactance of such a circuit (having distributed 
capacity and inductance) vary with the frequency through a very large 
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Fig. 164.—A circuit haviiij^ distributed inductance and cai)acity, similar to an antenna. 


range of values; the resistance (as measured at the base of the antenna) 
goes from very small to very large values, while the reactance changes 
from a large inductive reactance to an eciually large capacitive reactance. 
Moreover, these changes occur periodically as the impressed frequency is 
continually changed. 

To demonstrate experimentally the peculiar characteristics of a cir¬ 
cuit having distributed constants, the author built an artificial line having 
inductance, capacity, and resistance, as shown in Fig. 164; this line 
resembles somewhat a long antenna, having inductances and capacities, 
however, several hundred times as large as those of an actual antenna.^ 

A variable frequency was impressed on this artificial line and, by means 
of a wattmeter, ammeter, and voltmeter its resonance characteristics were 
determined. The impressed voltage was kept constant at 20 volts and 

' See “Some Experiments with Long Electrical Conductoi's/’ by John H. Morecroft, 
Proc. I.R.E., Vol. 5, No. 6, Dec., 1917. 
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Impressed Fro(iuency 

Fig. ir)5. —Current vs. frequency tor circuit shown in Fig. 1G4. 



Fig. 166.—Resistance and reactance vs, frequency for circuit shown in Fig. 164. 
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the frequency varied in small steps, from 12 to 152 cycles per second. 
Fig. 165 shows the current which flowed from the generator into the line 
at the various frequencies, the line being open at its distant end. The 
line showed six frequencies in the range used, at which we can say the line 
was in resonance, meaning by the term resonance a frequency at which 
the power factor is unity, the line offering resistance reaction only. Three 
of the frequencies correspond to what we have called parallel resonance, 
the current being a minimum, and the other three to series resonance, 
giving large values of current. 

The resistance and reactance of the line were calculated from the meter 
readings and are shown in Fig. 166. The resistance varies periodically 
from a low value, corresponding to series resonance, to a high value, corre¬ 
sponding to parallel resonance. 

The reactance of the line varies periodically from inductive to capaci¬ 
tive reactance and takes all values between 165 ohms positive and 165 
ohms negative. From the results shown in Fig. 166 it may be judged 
how indefinite are the so-called constants of such a circuit. 

In a uniform line of this kind the resonance frequencies are multiples of 
one another. The lowest resonant frequency can be calculated from the 

formula / = using for L and C values equal to the total values of 

the line multiplied by the factor 2/w, 

As generally used, antennas show a capacitive reactance; they are oper¬ 
ated at a frequency lower than their lowest natural frequency. This con¬ 
dition corresponds to frequencies lower than 25, in Fig. 166. 



CHAPTER II 


RESISTANCE—INDUCTANCE—CAPACITY—SHIELDING 

General Concept of Resistance.—The elementary idea of resistance, 
obtained by a student analyzing c.c. circuits, must be very greatly 
enlarged and generalized when studying high-frequency circuits. In the 
c.c circuit, Ohm’s law is in general a sufficient definition for the term 
resistance, that is, /^ = £'//. This definition presupposes that all of the 
voltage E is used up in overcoming the resistance reaction of the circuit; 
there must be no reaction such as the c.e.m.f. of a motor, or c.e.m.f. such as 
exists in a circuit in which storage batteries are being charged, or else 
the definition is ordinarily changed to the form ^ 


where the impressed voltage; 

Er = \hQ counter voltage of motor, batteries, etc. 

This restated definition must be still more generalized when the ordi¬ 
nary a.c. circuit is considered; in fact, a new concept of resistance must 
be obtained. It might seem that Joule’s law would serve sufficiently to 
define resistance; this law states that the electrical power liberated as 
heat in a circuit is given by the eciuation 

Heat generated = PRt, 

Certainly this law is a more general definition of resistance than Ohm’s 
law because it automatically excludes the effects of counter e.m.f.s, etc.; 
thus a storage battery, being charged, might (if suitable precautions were 
taken) be immersed in a calorimeter while being charged and the heat 
produced be measured by the rise in temperature of the calorimeter 
water. This amount of heat, properly substituted in Joule’s law, will 
determine the resistance of the circuit' in so far as this resistance manifests 
itself in producing heat. 

However, electric energy may be dissipated in forms other than heat; 
thus radiation of electromagnetic waves from an antenna dissipates energy 
from the circuit as truly as does the ordinary heating of the circuit. 
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These elementary considerations force us to adopt a new concept of 
resistance, it being based on the idea that any transfer of energy from 
(or to) that part of the circuit, the resistance of which is desired, must 
be considered in determining the resistance. Thus the resistance between 
two points in a circuit a-b, Fig. 1, is defined by the equation, 


R = 


power transferred between points a and h 
P ‘ 


( 1 ) 


This power transferred between a and h may be leaving the electrical 
circuit between these two points or it may be entering the circuit between 
these points. If energy is leaving the circuit between these points, as 
heat or otherwise, the resistance is 'positive] if energy is entering the cir¬ 
cuit between these two points the resistance is negative^ and if energy is 
entering the circuit at the same rate as it is leaving then the resistance is 
zero. From this standpoint any electrical circuit carrying current, after 
reaching the steady state (no change 
in the amplitude of the current) has 
on the whole, zero resistance. Of 
course we know that the circuit 
does actually have resistance, in the 
ordinary meaning of the word, but 
we may consider the source of power 
supply as having as much negative 
resistance as the rest of the circuit has 
positive resistance. At the generator 
(or other source of power supply) 
energy is entering the circuit as fast 
as it is dissipated in other parts of 
the circuit. If the circuit, as a whole, 
has positive resistance the current 
must be decreasing in amplitude; this state of affairs occurs in the 
ordinary damped oscillatory discharge of a condensei, whereas a circuit 
which takes an appreciable time to build up its steady state has, during 
the time required to reach the steady state, on the whole a negative resis¬ 
tance because, considering the circuit as a whole, energy is entering at 
a rate faster than that at which energy is leaving. 

Various Factors Affecting the Resistance of a Circuit.—Among the 
factors contributing to the resistance of a radio circuit are to be con¬ 
sidered (1) resistance of the conductor itself; (2) resistance of neighbor¬ 
ing closed circuits and their proximity; (3) magnetic materkal close enough 
to the circuit to be magnetized by it; (4) losses in the dielectric of any 
condenser in the circuit; (5) corona losses from parts of the circuit; 
(6) radiation of electromagnetic energy. All of thes^ factors vary with the 


Direction of 
energy flow 

R is positive 

Direction of 
energy flow 

R is negative 


Fig. 1.—If energy is leaving the circuit the 
resistance is positive, so that if power is 
entering the circuit its resistance must 
be considered negative. 


Part of 
circuit under 
consideration 


b 
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frequency of the current in the circuit, some of them with the magnetic 
gradient set up by the circuit and some with the electric gradient set up 
by the circuit. Each will be taken up in turn and analyzed as much as 
seems suitable for a text of this kind. 

Conductor Resistance.—The resistance of a conductor, in the form of 
a wire, to the flow of continuous current is given by the fonnula 

pi 

R = -. .( 2 ) 

a 

in which p = the specific resistance of the material composing the conductor; 
I —{he length of the conductor; 
a = the cross-sectional area of the conductor. 

This formula assumes that all parts of the cross-section of the con¬ 
ductor carry the same proportion of the total current; in other words, 
that the current density is uniform throughout the section of the con¬ 
ductor. This assumption is true for continuous current or for alternating 
current of very low frequency. If the conductor is large in cross-section 
or the frequency is high, the inner sections of the conductor carry a rela¬ 
tively small part of the total current, the density of current being greatest 
at the surface of the conductor; in fact, for very high frequencies a com¬ 
paratively thin skin on the surface of the conductor carries practically 
all the current, so much so that if the center part of the conductor were 
removed, leaving nothing but a thin-walled tube of the same diameter 
as the original wire, the resistance would be practically the same. This 
tendency of the current to concentrate on the outer surface of the wire at 
high frequencies is called the skin effect, the reason for the name being 
obvious. If there are no other conductors carrying current in the vicinity 
of the one in question this di.stribution of current will be symmetrical 
about the axis of the wire, but if there are other current-carrying con¬ 
ductors in the neighborhood the distribution of current through the cross- 
section of the wire may be irregular, perhaps only the surface part of 
the conductor on one side carrying an appreciable current. 

Any distribution of current other than the regular distribution of 
equal current density throughout the section of the conductor will result 
in an increase in the resistance of the conductor; this increase may be 
so great that the resistance for a high-frequency alternating current may 
be many times as much as the resistance of the same wire for continuous 
current. 

A simple illustration of this effect is given in Fig. 2, showing three 
10-ohm resistances in parallel. Suppose the resistance of this combi¬ 
nation is determined by the power loss instead of by the ordinary law for 
resistances in parallel. Let 3 amperes flow through each resistance, giving 
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a line current of 9 amperes and a power loss of 3 X (3^X10) = 270 watts. 
Then the total resistance will be obtained by the equation R — P/P or 
270/9^ = 3.33 ohms, the same as we should get by the law for resistances 
in parallel. 

Now suppose that for some reason or other the current redistributes 
itself so that the two outside paths carry 4 amperes each and the center 
one carries 1 ampere. (Such 
a redistribution might well 
occur if the combination were 
used in a high-frequency cir¬ 
cuit.) The line current will 
again be 9 amperes and the loss 
will be (2X(4^X10)) +(lx 
(PX10))=330 watts, which, 
divided by the square of the 
line current, gives a resistance of 4.08 ohms, a considerable increase over 
the value for a uniform distribution of current between the different 
paths. 

Jhe paths shown in Fig. 2 might represent three of the imaginary 
filaments into which a wire may be supposed divided, and the calculation 
shows that any distribution of current between the filaments other than 
uniform distribution results in an increase in the resistance of the con¬ 
ductor; moreover, the greater the non-uniformity of current density the 
greater will be the corresponding increase in resistance. 

Skin Effect in Continuous Current Circuits.—When we say that the 
conductor of a c.c. circuit has a uniform current density, we have in 
mind only the condition when the continuous current has reached its 
steady value. Directly after the switch of a c.c. circuit is closed it cannot 
be said that the current distribution throughout the conductor is uniform, 
because it is not. When the current is either rising or falling (see Fig. 33, 
Chapter I) in a c.c. circuit the outside of the conductor carries a propor¬ 
tionately larger part of the current, and then as the current approaches 
its steady value the current assumes a unifonn distribution. 

Even in a c.c. circuit, therefore, there is skin effect to consider when 
the current changes. If the current of Fig. 33, Chapter I, for example, 
is flowing through an air-core coil wound with, let us say. No. 4 copper 
wire, a proper grasp of what is taking place in the circuit can be obtained 
only if the resistance is considered about as shown in Fig. 3. The more 
rapidly the current changes the more does the resistance exceed its steady 
current value, which would be measured as the ratio of volts to amperes 
in a c.c. resistance measurement. This value of resistance is indicated as 
Ro in Fig. 3. At the times Ti and T 2 the resistance of the conductor might 
be many times as great as it is for the current in the steady state, the 


9 amperes ^ 
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10 ohms 
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Fig. 2 .—A solid conductor of 3.33 ohms resistance 
may be considered as three separate filaments 
each of 10 ohms resistance. 
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reason being that during the rapid current changes the inside part of the 
conductor is not as effective in carrying current as is the outer part. 

A circuit in which a somewhat analogous situation exists is shown 
in Fig. 4 . The circuit here shown has inductance in the center path and 



none in the two out¬ 
side paths. Directly 
after the switch is 
closed the two outer 
paths each carry 2 
amperes of current 
and the center path 
carries none. After 


Fia. 3.—Even a continuous-current circuit shows skin effect 
for current changes. ^ 


the switch is closed, 
the currents have the 
form shown in the 


( 6 ) diagram of Fig. 4; the currents in the outer branches maintain their 
values of 2 amperes and the center branch has a current rising in a logarith¬ 
mic curve to a final value of 2 amperes. 

Directly after the switch is closed, therefore, 4 amperes flow from the 
6 -volt source, and the apparent resistance of the circuit is 1.5 ohms. 
After the center branch has attained its final current, the 6 -volt battery 
is delivering 6 amperes to the circuit and the resistance of the circuit 


3 ohms 



Switch closed 


(a) (6) 

Fio. 4,—In such a diviclod cirruit the currents rise as shown in the (6) diagram. 


is only 1 ohm. The change from 1.5 ohms to 1 ohm follows a curve 
similar to that given in Fig. 3. 

Skin Effect in Straight Wires.— The non-uniformity of current dis¬ 
tribution referred to above occurs in every conductor carrying alternating 
current, the current density being greater at the surface than at the center 
of the wire, but this non-uniformity is not appreciable unless the wire is 
large in diameter, or the frequency is high; the increase in resistance due 
to skin effect depends upon the product of the cross-section and the 
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frequency and for copper wires the p;eneral idea given by the following tabic 
is useful. 

Frequency niultii)lied by the Ratio of a.c, to c.c. 

Cr(J8s-ficction iri circular nula resistance 


10,000,000 1.003 

20,000,000 1.012 

100,000,000 1.30 


As an example No. 10 wire has a cross-section of 10,000 circular mils; 
at a fretiuoncy of 2000 cycles its a.c. n^sistance is 1.2 per cent greater than 
its c.c. resistance, while at 10,000 cycles its resistance would have increased 
over its c.c. value by 30 per cent. 



Fin. 5.—of ro.sistanro of round, sfraif!:ht, copper wire with frequency and 
radius, this Ihmii^ measured iu centimeters. 

An exact analysis shows that the ratio of a.c. resistance to c.c. resis¬ 
tance may be expressed in terms of diameter, permeability, frequency, and 
resistivity; a correct expression involves an infinite series of terms, but 
these series have bt'en summed so that accurate data are available for 
calculating the resistance of any round wire, the permeability and resis¬ 
tivity of which an' known. For copper wire, in which the permeability 
is unity, tables have been compiled which present the data in convenient 
form In the curves of Figs. 5 and 6 is shown the factor, m, by which 
the c.c. resistance must be multiplied to give the resistance for alternating 






168 RESISTANCE—INDUCTANCE—CAPACITY—SHIELDING [Chap. II 


current. Plotted as abscissas are values of r\/f, where r is the radius of 
the wire in cm. and/is the frequency of the current being used. 

It is sometimes useful to know how large a wire can be used without 
having its a.c. resistance exceed its c.c. resistance by more than a specified 
amount. The data given in the accompanying table, compiled by L. W. 
Austin, may be useful for this purpose: 

TABLE I 

Wire Diameters 


Largest wire (straight) which can be used without the high-frequency resistance exceeding the c.c. 
resistance by more than 1 per cent 


Wave length 
in meters 

Diameters Given in Millimeters 

Advance 

Manganin 

Platinum 

Copper 

100 

0.30 

0.29 

0.13 

0.006 

200 

0.46 

0.40 

0.20 

0.045 

300 

0.57 

0.50 

0.27 

0.09 

400 

0.66 

0.60 

0.30 

0.10 

600 

0.83 

0.75 

0.37 

0.15 

800 

0.98 

0.88 

0.42 

0.20 

1000 

1 10 

0.99 

0 50 

0.21 

1200 

1.20 

1.10 

0.57 

0.22 

1500 

1.30 

1.21 

0.63 

0.26 

2000 

1.52 

1.38 

0.73 

0.30 

3000 

1.82 

1.62 

0.80 

0 33 


Frequency = 3 X10* wave length 


As the current travels almost exclusively on the outer parts of a wire at 
high frequency, it is important that this outer part have as low a specific 
resistance as feasible. Thus it may well be that tinned copper wire will 
show a higher resistance than a wire which has no tinning. At a fre¬ 
quency of 10^ cycles per second one experiment showed a resistance of 
tinned copper wire 30 per cent greater than for a corresponding untinned 
wire; nickel plating a copper wire increased its resistance, at 10^ cycles, 
as much as four times. 

Current Penetration in Conductors.—In the case of a wide, flat con¬ 
ductor, such as the earth^s surface, the currents which are set up in the 
surface penetrate into the substance of the conductor according to the 
specific resistance of the material, permeability, and frequency. The 
relation between the density of current at the surface and the density at 
a point distant x below the surface is given by: 
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in which /o = current density at surface; 

recurrent density a distance x centimeters below the surface; 
a> = 27r/, where/is the frequency of current; 
iu = permeability of the substance; 

p = specific resistance of the substance, abohms per centimeter.^ 

Not only does the density of current decrease as the distance below 
the surface is increased but, as indicated by Eq. (3), it reaches its corre¬ 
sponding values at later time than at the surface, this amount of time lag 



Fig. 6.—Variation of resistance of round, straight, copper wire with frequency and 

radius (radius in cms.). 

increasing as the depth below the surface is increased. This really means 
that the current penetrates into the substance with a wave motion; the 
attenuation is, however, very high, so that probably only a fraction of 
a wave length is actually set up in the conductor with an appreciable 
amplitude. 

In deriving Eq. (3) the displacement current which may occur in the 
material has been neglected. This is of course permissible in ordinary 
iron because of the very large value of the conduction current in com¬ 
parison to the displacement current. 

It may be, however, in very special cases that this assumption is not 
warranted by the facts, in which case Eq. (3) is to that extent incorrect. 
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Thus in iron-dust cores the specific resistance is increased enormously 
over that of ordinary sheet iron, and it may be that at very high fre¬ 
quencies the displacement current is not small enough, compared to the 
conduction current, to be neglected. 

A Simple Analysis of Skin Effect. —Although an exact analysis of skin 
effect in a conductor requires the theory of wave propagation, and special 

mathematical series 

- 1 for a solution, a very 

good idea of its cause 
(and, what is much 
more important, its 
remedy) may be had 
from the ordinary laws 
of current flow in in¬ 
ductive circuits. The 
first thing to notice 
about the problem is 


R2 l, 

'—W\M/V^- 

It R> 

At low frequency — = — 
I2 R1 


At high frequency 


-Iloi¬ 

lo L, 


Fig. 7.—For branched circuits the resistiince controls the 
division of current at low frequency whereas the reac¬ 
tance controls the division at high freciucney. 


the effect of frequency upon tlie division of current between two paths in 
parallel, as shown in Fig. 7, the two paths having equal resistance but 
unequal inductance. The formula for the current flow in each path is 

At very low frequency the wL term is negligible, and so we hav(‘ the 
currents dividing between the two paths invers(*ly as the two resistances, 
that is, the two currents will be alike. At 
very high frequency, however, the resis¬ 
tance term beconlt‘s relatively negligible 
and the current divides inversely propor¬ 
tional to the inductance in the two 
branches. Tlic same voltage is applied 
to both paths, so tlu^ sum of th(‘ resis¬ 
tance reaction and the inductance reaction 
(added vectorially) in each path must be 
the same. It is from this standpoint that 
we will investigate the skin effect ip wires. 

Imagine a round copper wire carrying 
current uniformly throughout its cross- 
section, Fig. 8. The density of magnetic flux at a point A on the sur¬ 
face of the wire is given by the formula 



J'lo. 8.—CroHS-section of wire of 
radius a; iiiagnotio field density to 
bcealrulat(‘d at points A, R, and C. 


Ba = 


0.47r/ 0.2/ 
2w(i a ’ 


(4) 
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where / = total current in amperes; 

a = radius of the conductor in centimeters. 


At a point B inside the conductor, the amount of current producing 
flux (for of course there is magnetic flux inside the conductor) is only 
that part of the total current which flows inside the circle inscribed 
through the point B. This amount of current is, for uniform current 
density, equal to /Xrr/a“. The magnetic flux density at B is, therefore, 
by Eq. (4) 

= ^.( 5 ) 

a- n 



Fia. 9.—Closeiioss of circular lines show the density of magnetic field around a non¬ 
magnetic wire; in lower part of tigure magnetic field density is shown by distance 
from reference line ti) curve markeil B. 


For a point C outside' the win', distant r-j from the axis of the wire, the 
flux density is given by the equation 


Bc = 


0 . 2 / 


. ( 6 ) 


From Eqs. (4), (5), and (6), the flux density throughout the cross-section 
of the wire and in tlu' region surrounding the wire may be calculated; Fig. 
9 shows the result of such a calculation. In the upper part of the figure 
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the flux is shown in the form of circles concentric with the axis of the wire, 
the closeness of the circles representing the flux density, and in the lower 
part of the figure is shown a plot of the flux densities, ordinates being 
values of flux density and abscissas being distance from center of wire. 

The total flux surrounding any point is obtained by adding the flux 
from a point infinitely distance from the wire, up to the point in question; 
a curve showing the value of this flux for different points inside and out¬ 
side the wire is shown in Fig. 10 . The ordinates of the curve are obtained 
by integrating the density curves of Fig. 9. The flux is the total flux 
produced by the current in the wire, outside of the wire itself, whereas 
surrounding any point outside the wire as, e.g., C of Fig. 8 , there is a 
flux equal to <^ 3 . There is a certain amount of flux inside the wire itself 
and the flux surrounding the innermost filament is obtained by adding 
to 01 this internal flux; it is shown by 02 in Fig. 10. 



Now let us consider the wire made up of a bundle of separate parallel 
filaments, such a wire as would be obtained by using a cylindrical bundle 
of very fine wires, each insulated from its neighbor, except at the ends 
of the wire in question, where they are all electrically connected together. 
l>t the resistance of each of these filaments be R, If an e.m.f., E sin w/, is 
impressed across the ends of this composite wire, all filaments will have 
the sApie impressed e.m.f., and it is therefore evident that the sum of the 
reactioh^ in e^ch filament must add up (vectorially) to equal this impressed 
force. \ 

The resistance drop in each filament is IR and the inductance drop 



« 0 , where 0 is the maximum amount of flux surrounding the 
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filament in question. Hence for two filaments, one at 0 and the other at 
A (Fig. 8), we must have 

and 

where /i and 1 2 are the currents in the two filaments considered. 

In these equations Ey 7, and must have corresponding values, i.e., 
either effective values or maximum values. 

At very high frequencies the resistance drop is negligible compared 
to the flux reaction drop, and hence E = co<t>i = o)(l> 2 . We must therefore 



Fig. 11.—Flux density of the magnetic field in and around a wire of magnetic material. 

conclude that, for frequencies which make IR negligible compared to 
(j>)<f>y the flux surrounding all fllaments of the xoire must be the same. Referring 
to Fig. 10 this statement means that </>2 —</>i=0, that is, there is no flux 
inside the wire itself. If there is no internal flux the flux density every¬ 
where inside the wire must be zero, and as the flux density at any point 
in the wire distant r from the axis is equal to 0.2//r, where I now signifies 
the current flowing in the wire inside of a circle through the point in question; 
we must conclude that there is no ciu*rent anywhere inside the wire. 
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At ordinary frequencies the resistance drop is not negligible in com¬ 
parison with the reactance drop, so that the sweeping conclusion of the 
previous paragraph (no current anywhere inside the conductor) is not true, 
but it is evident that, as the frequency increases more and more the dif¬ 
ference between 02 and 0i of Fig. 10 must continually decrease. 

If instead of a copper wire an iron wire had been assumed, the internal 
flux density would have been very much increased so that Figs. 9 and 10 
would have more nearly the appearance of Figs. 11 and 12. The value 
of the internal flux (02 —0i) would be very much increased, so that the 
frequency at w^hich the IR drop becomes negligible compared to the co0 
drop is much less than for copper wire. 

Offsetting this effect to some extent, however, is the fact that the 
specific resistance of the iron is greater than that of copper; the result 
is that iron, while it has a greater skin effect than copper, does not have 

as much greater 
effect as the in¬ 
creased value of II 
would indicate. 

The change 
in current density 
throughout the 
cross-section of 
ire due to the 
efh'ct of the in- 
l(‘rnal flux, is in- 

I'lG. 12. —Total flux outside any point considered in Fi^i;. 11. dicated (for a cer¬ 
tain wire) in Fig. 

13, the three curVes showing how, as the fr(*fiu(‘ncy is increased, the 
current shifts more and more to the outer skin of tite conductor. The 
cv.rrent density at the surface of the conductors has b(‘('n assumed the 
.'^amc for the three frequencies. 

It is evident from the foregoing discussion that a substance having 
high specific resistance and low permeability will hav(‘ the least skin (*ffect; 
this is shown in Table I on p. 108. The wires us('d for n‘sistance in 
making tests and measurements in high-frecpuaicy circuits should lx* 
made of small wires of the high-resistance alloys, practically all of which 
have unity permeability. 

Elimination of Skin Effect.—One obvious remedy for skin effect is 
to so construct the conductor that there is no internal flux, or rather that 
the internal flux is negligible compared to th(‘ external flux, which of course 
produces no skin effect, as it affects all filaments of the wire cc|ually. A 
conductor with no internal flux is irniK)ssible, but such a condition may 
be approximated by using a tubular conductor; such a construction is 
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Fia. 13.—Current density in a solid round conductor at three 
different frequencies. 



Fig. 14.— A hot-wire ammeter showing how the skin effect is minimized by special 
arrangement of very thin strips of high-resistance metal. 
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used for high-frequency ammeters designed to carry comparatively large 
currents (say 25 amperes or more). The current to be measured is carried 
from the connectors of the ammeter to two circular discs, and these discs 
are connected by a set of very thin high-resistance strips, the whole arrange¬ 
ment having the appearance of a barrel, the thin strips taking the place 
of the barrel staves. Such a construction is shown in Fig. 14, this showing 
the construction of a 40-amperc, so-called “ hot-wire meter. As the 
radial thickness of these strips is only about 0.004 cm., there is practically 
no internal cross-section to the conductor; it is all “ skin.’^ 

In the scheme ordinarily employed for reducing skin effect the required 
cross-section of conductor (which depends upon the amount of current to 
be carried), is made up of a great many small wires, each completely 
insulated from all the rest; a common form of this cable used for winding 
radio coils consists of 48 No. 38 enameled wires properly woven together. 
In eliminating skin effect by this construction it is. not sufficient to merely 
subdivide the conductor into small well-insulated strands; these strands 
must be so woven or twisted together that each strand is as much on the 
outer surface of the cable as every other one. 

If 48 No. 38 insulated wires are laid loosely together, parallel to one 
another, it will be found that the increase in resistance due to skin effect 
is nearly as much as though a solid wire (of the same cross-section as that 
of the cable) were used. (The stranded cable would be somewhat better 
than the solid wire, because of its somewhat greater useful outer surface.) 
It is therefore important in getting the stranded wire (sometimes called 
litzendraht) to see that not only is it made up of a groat number of well- 
insulated strands, but also that these strands are properly interwoven. 
A real braiding process will accompli.sh the result, but a suitably twisted 
cable is nearly as gopd. A properly twisted cable must be made up of 
several component twisted cables to be free from marked skin effect. For 
48 No. 38 cable, e.g., three separately twisted cables, each of 16 wires, may 
be twisted together and the resulting cable will be nearly as good as braided 
cable. 

It is important to note just what effect is to be obtained in making 
these high-frequency radio cables; the cable must be so constructed that 
each strand has, per unit length (say, per meter) the same flux surrounding 
it, when each strand is carrying the same current. When the strand is in 
the center of the cable it has more flux surrounding it than when it is on the 
periphery, hence each strand must occupy corresponding positions in 
the cross-section of the cable for equal distances, in order that it may have 
the same surrounding flux per unit length as all the other strands. 

Even in suitably woven cable there is still some skin effect due to the 
finite size of the strands themselves, each strand in itself having an appreci¬ 
able skin effect at very high frequencies. 
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It is important in purchasing radio cable of the kind just described to 
make tests for the c.c. resistance. In making this test the enamel must 
be removed carefully from each strand, at both ends of the piece to be 
tested, and the strands be well soldered together. The c.c. resistance 
should be calculated from the total cross-section of copper in the cable 
and the measured value should approach this very closely. In making 
cable a strand may break and the operator insert another and continue 
the process of weaving the cable. But such a broken strand is evidently 
of no use in carrying current, because one break opens that strand com¬ 
pletely, the strand being insulated from its neighbors. 

Specifications for radio cable should therefore state not only the size 
and number of wires to be used, quality of enamel, method of twisting, 
etc., but should also call for a c.c. resistance within a certain percentage 
of the theoretical value. The longer the pieces of cable called for, the 
more likely are breaks to occur; for this reason the cable is generally 
obtained in lengths of a few hundred feet only. If two pieces of radio 
cable are to be joined, the greatest of care must be exercised in making 
the joint; if only half the strands are soldered together (quite likely unless 
each individual wire is separated from the rest and properly cleaned before 
attempting to solder the joint) then the resistance of the whole cable is 
much more than it should be. 

Too Much Conductor May Be Used.—It has been explained how 
the current leaves the center of a conductor with increasing frequency, 
thus making the metal on the inside of the wire practically useless in so 
far as conductivity is concerned. The simple explanation given neglects 
the possibility of wave propagation of the current into the conductor, 
as the relative phases of the currents in the several hypothetical filaments 
were not considered. 

If, however, we considered the matter more exactly, we should find 
that the current actually does penetrate the conductor in the wave motion 
indicated by Eq. (3). On the surface of the wire the current density 
has its greatest magnitude; with increasing distance from the surface of 
the conductor the magnitude of current density decreases and its phase 
is continually retarded. After a certain depth of penetration the 
current may actually be flowing in a direction opposite to that it has 
on the surface. In such a case the resistance of the conductor would 
actually be decreased by removing the inside part of the conductor, that 
is, a copper tube would show less resistance than a solid copper rod of the 
same diameter. 

This effect has been noticed even at engineering frequencies for bus 
bars of the extreme sizes being used in the pow^r plants today. By 
taking out some of the copper strips forming the central portion of the 
bus bar, its resistance has actually been decreased. 
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This effect is indicated in Fig. 15, that current flowing in the central 
part of the copper bar is shown in opposite phase to the main current 

flowing in the copper 
near the surface. This 
internal reversed current 
of course contributes heat 
to the bus bar and ac¬ 
tually decreases the net 
current flowing in the 
circuit. It is apparent 


Fig. 15.—In a large copper bus bar the current in the 
center may be flowing in phase opposite to the cur¬ 
rent in the outer part of the bar. 


then that if the central part of the conductor of Fig. 15 were removed, 
the resistance of the copper bar would be decreased. 

Skin Effect in Coils.—With the foregoing analysis of skin effect in 
mind it is at once evident that the redistribution of current throughout 
the cross-section of a conductor will be greater if the conductor is used 
in making a coil than if it is used in the form of a straight wire. The dis¬ 
tribution of magnetic flux inside a single layer solenoid is somewhat as 
shown on Fig. 16; the flux density is high just inside the solenoid and 
practically zero at the outer surface of the coil. Assuming that this density 
decreases to zero from the inner surface of the winding to the outer (nearly 



Flux density-B 

Fig. 16,—Approximate flux distribution inside a short solenoid. 


the case for ordinary coils) it is evident that the outer filaments of the 
wire are linked with much more flux than are the inner filaments. Thus 
an imaginary filament on the outside of the wire as at 6, Fig. 16, will 
be linked with a flux in excess of that linked with filament a by an amount 
equal to {B/2)Xd (where B is the flux density at the inner surface of the 
winding and d is the radial depth of the winding) per unit length of the 
wire. It is apparent that the current will tend to crowd into that part 
of the wire which is on the inside of the coily the inductance reaction being 
less for the filaments on the inner side of the winding than for those on 
the outer side. 
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But besides this tendency of the current to redistribute itself, there 
is also the tendency to redistribution about the axis of the wire, and also 
each conductor exerts a certain effect on its neighbor—these all combine 
to produce a current distribution about 
as indicated in Fig. 17, the density of cur¬ 
rent being indicated by the proximity of 
the dots. 

In constructing variable resistances 
for use in making radio measurements, 
skin effect must be carefully considered. 

The most convenient form of variable 
rheostat is a cylindrical one with a Fio- 17.— Distribution of current in 
sliding contact, the almost universal the conductors of a short solenoid; 

^ f 1 1 X X r 1 - density of shading corresponds to 

form of laboratory rheostat for ordi- x i -x 

current density. 

nary c.c. and a.c. measurements. But 

this type of winding is not satisfactory for high-frequency currents because 
of the extra skin effect caused by solenoidal winding and also because the 
amount of self-induction in such a rheostat is too great to be neglected in 
radio circuits. Radio cable cannot be used with sliding contact rheo¬ 
stats for evident reasons; solid wire must therefore be used and still the 
skin effect and self-induction be reduced to a minimum. This is done 
by winding on a porcelain tube a bifilar high-resistance solid wire; the 
two wires making the bifilar construction are wound around the cylinder 
in opposite directions, the two wires crossing each other twice per turn. 
Such a winding has a self-induction practically zero, and hence has a 
minimum skin effect. 

The increase in resistance of coils, due to skin effect, is a very difficult 
problem to analyze mathematically; only the simplest cases have been 
considered, and even then assumptions have been made which make the 
validity of the equations obtained doubtful. 

An experimental investigation of the skin effect in coils was carried 
out by the author, measurements being made on a Wheatstone bridge, and 
the results are given herewith; they serve to indicate how much increase 
in resistance from skin effect may be expected with coils similar in form. 
The single-layer coils were wound on dry wood reels with double cotton- 
covered wire, the wires Ixnng laid as closely together as possible. The 
length of the winding wiis 10 cm. and the approximate diameter (the cro^- 
section was actually octagonal) was 10.5 cm. The data are given in Table 
II, p. 180, both self-induction and resistance being given, the results being 
probably accurate to within 1 per cent unless otherwise stated. 

There are two effects which must be kept in mind when interpreting 
these results; there is an actual increase in resistance due to redistribution 
of current in the conductor of which the coil is made, and there is an 
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increase in the measured value of resistance due to the effect of internal 
capacity, explained in the previous chapter when analyzing resonance in 
parallel circuits. 

Every coil has internal capacity due to one part of the winding being 
equivalent to one plate of the condenser, acting with every other part to 
form a condenser. It was shown that the apparent resistance of an induc¬ 
tance, shunted with a condenser, increases as the frequency is increased, 
in accordance with Eq. 56, p. 92. Although this equation is not directly 
applicable to these coils (the capacity of which changes with frequency 
changes) it indicates that the measured value of resistance may be expected 
to increase entirely aside from any skin effect which may be present. 
But this effect of capacity which gives an apparent increase in resistance 
produces at the same time an increase in the apparent inductance of the coil^ 
so that in the results of the table any increase in resistance which occurs 
without a corresponding increase in inductance is due to redistribu¬ 
tion of current in the conductor of the coil (i.e., real skin effect); for fre¬ 
quencies high enough to produce an increase in the apparent inductance 
the skin effect is not alone in producing the increase in resistance, the 
internal capacity contributing its effect also in increasing the apparent 
resistance. 

It will be noticed that for the larger wires the inductance actually 
decreases as th(^ frequency increases, for the lower values of frequency. 

Illustrating this effect we take the data for coil No. 1 made of No. 11 
wire. In the range of frequencies used the inductance decreased with 
increase of frequency, whereas the resistance increased from 0.050 ohm to 
0.803 ohm. The radius of this wire is 0.114 cm. and so the factor, r\/7 for 
2X10"’ cycles, is 51. Referring to Fig. 5 the factor m is found to be 4.2. 
If, th(*r(*fore, the wire had been used in the form of a straight conductor, 
we might have exp('cted an increase in resistance from 0.050 ohm, the c.c. 
resistance, to 4.2X0.05 = 0.21 ohm. Actually it changes from 0.05 ohm to 
0.80 ohm, thus showing how the skin effect is augmented when the wire is 
used in the form of a coil. The superiority of the radio cable, either 
42/3G’s or 48/38^s, is at once evident from the results given in the table. 

If the coil used has more than one layer, the magnetic field density is 
much greater than it is for a single-layer coil, hence we should expect a 
much greater skin effect for multi-layer coils than for single-layer coils and 
the experimental results of Table III which were obtained with 10-layer 
coils prove the point. Thus the single-layer coil of No. 18 wire showed an 
2.18 

increase in resistance of-= 3.6 times as the frequency varied from zero 

0.61 

to 100,000 cycles. This same wire wound in a 10-layer coil show^ed an 

r 84 

increase through the same range of frequency of times so that the 
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resistance increase is 13 times greater when used in a 10-layer coil than 
when used in a single-layer coil. 

It must be noticed also that this great increase in resistance is not 
due to the internal capacity of the coil. These multi-layer coils were 
built on wooden reels in a special way first described by the author; the 
construction was such that a considerable air space (in this case 0.16 cm.) 
was used between consecutive layers, this construction giving such a low 
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internal capacity that, up to the highest frequency used the inductance 
of the coil showed but slight increase. These multi-layer coils were octag¬ 
onal in form and had 10 layers each, wound back and forth. Each layer 
was 2.6 cm. long, separated from the next layer by 0.16 cm. air. The 
inner diameter was approximately 10.5 cm. and the outside diameter 
varied with the size of wire used, being greater for the larger wires. 

The great increase in resistance of coil No. 16 for example is really 
due to a redistribution of current throughout the cross-section of the con¬ 
ductor. Although the resistance increases 172 times in the frequency 
range used the inductance is lower at the highest frequency than at the 
lowest. There are cases shown in which the increase in apparent resis¬ 
tance increases very rapidly for the higher frequencies, even the small¬ 
sized wire. Thus the lOdayer coil wound with No. 26 wire increased its 
resistance from 21.3 ohms to 415 ohms, but at the same time the induc¬ 
tance increased from 23.7X10“'^ henry to 30.6X10“'^ henry. Hence for 
this coil the internal capacity was making itself felt so that the actual 
increase in apparent resistance must be regarded as due to the combined 
effect of redistributed current and internal capacity. 

Three of the coils were wound with radio cable; in two of them there 
were used 48 No. 38 enameled strands in the cable—three twisted cables, 
each having 16 strands, were twisted together to make the cable. The 
solid wire most nearly approaching this cable in cross-section was No. 
22. In the single-layer coils the solid wire increased its resistance by 
220 per cent, and this radio cable coil increased by 72 per cent, only one- 
third as much increase as for the solid wire over the same range of fre¬ 
quency. In the multi-layer coil the solid wire increased its resistance from 
6.7 ohms to 267 ohms, an increase of 40 times as the frequency was varied 
from zero to 100,000 cycles whereas the rnulti-layer coil wound with the 
radio cable increased (in the same range of frequency) from 5.1 ohms 
to 37 ohms, an increase of only 7.2 times, that is, the stranded wire coil 
showed a resistance increase due to skin eflect only one-sixth as great as 
the nearest size solid wire. In this resistance increase there is some effect 
due to the internal capacity of the coil, and if this effect (which is approxi- 
mat(4y the same in amount for both coils) were taken into consideration 
the superiority of the radio cable over the solid wire would be even more 
striking. 

From the results presented in Tables II and III there was calculated 
for each coil the “ ohms resistance per millihenry and the results are 
presented in the form of curves in Figs. 18 and 19. The most interesting 
conclusion to be drawn from these curves is the idea that the higher the 
frequency the smaller the wire should be to keep the ratio of resistance 
to reactance low. Thus in the single-layer coil it is evident that below 
40 kilocyles No. 16 wire is better than No. 20 (such factors as cost, bulk, 
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current-carrying capacity, etc., not considered) but above this frequency 
No. 20 wire is better than No. 16. The size wire which gives the best results 
depends greatly upon the form of the coil and its inductance. Thus recent 
tests of coils having a few microhenries inductance, intended for use in 
circuits employing about 10 megacycles (10’’ cycles), indicate that solid 
wire, size about No. 12 or No. 14, is the proper v/ire to give the lowest 
resistance. 

For the multi-layer coils this effect of wire size is shown to a much 



Fiq. 18,—Variation of resistance with frequency in single-layer solenoids of various 
wires. Numbers on curves indicate size of wire, B. & S. gage. 


greater degree and at lower frequencies; thus at 1200 cycl(*s No. 34 wire 
has about 8 times as many ohms per millihenry as No. 12, but at 15 kilo¬ 
cycles the No. 12 wire has more resistance per millihenry than has the 
No. 34 wire. 

The multi-layer coil of radio cable is indicative of what a good coil 
should be; its reactance at 75 kilocycles is 220 times as much as its resist¬ 
ance and this ratio holds over a wide range of frequency. Other coils 
have been built by the author, using better stranded wire, more of it, 
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keeping the radial depth of conductor low, which showed a reactance 
450 times as great as the resistance at 50 kilocycles. The ideas to be kept 
in mind in building good radio coils are to use carefully stranded and 
insulated cable, keep the radial depth of conductor small, keep the coil 
as compact as possible and at the same time to keep the internal capacity 
low, and avoid dielectric losses. 



Fia. 19.—Wariation uf resistance with frequency of multi-layer coils; short coils of ten 
layers each, air space between layers. Numbers on curves give size of wire, 
B. & S. gage. 


In Fig. 20 is shown the construction of a coil which has about 10 miUi- 
henrics inductance and 7 ohms resistance at 50,000 cycles; sufficient air 
space was used between layers to keep the internal capacity to about 
120 micro-microfarads. This coil operated satisfactorily when carrying 
4 amperes with 12,000 volts across its terminals. If it were used in a good 
insulating oil it would probably be satisfactory when carrying 200 to 300 
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kilovolt amperes, although in this case its internal capacity would be more 
than doubled. 

To illustrate in as striking a manner as possible the skin effect which 
may be present in poorly designed coils tests were made on two coils 
made of copper strip, wound edgewise. The first coil had 29^ turns of 
strip U in. wide and in. thick; the spacing between successive turns 
was nearly ^ in.; its inside diameter was 14| in. and outside diameter was 
17f in. Its resistance for continuous current was 0.013 ohm and at 150 kc. 



Fio. 20.-~Proper construction of coil for high-powered high-frequency circuits. 


it had 3.44 ohms resistance, an increase of 285 times, ddie second coil 
had 34i turns of strip 1 in. wide and jV thick, spacing between turns 
was nearly iV The c.c. resistance was 0.020 ohm and at 150 kc. it 
was 7.86 ohms, an increase of 393 times. These two examples bring out 
forcibly the fact that the radial depth of the conductor in a coil intended 
for raio circuits must be kept small. Further data on these two coils 
are given in Table VI, p. 225. 
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Resistance of Coils at Higher Radio Frequencies.—The foregoing values 

of coil resistances were obtained by bridge measurenients; above about 
100 kc. bridge measurements become unreliable unless added precau¬ 
tions are taken, so to get the coil resistances in the higher range of radio 
frequencies a resonance method was used. 

In this scheme the coil to be measured is put in series with a variable 
condenser (of negligible series resistance) of suitable capacity to bring the 
circuit into resonance at the frequency being used. A suitable thermo¬ 
couple ammeter serves to measure the current in the circuit and so indicate 
when resonance is obtained. At resonance there is no net reactance in 



I'^iG. 21.—Comparison of sinRio-layer solid wire coils at the lower radio frequencies. 

the circuit, so that all of the impressed voltage is used up in resistance 
drop. If then the current (at. resonant frequency) is reduced to one-half 
its original value by adding in series with the circuit a known, non-inductive 
resistance, the amount of added resistance must be equal to the original 
value of circuit resistance. If then the resistance of the thermocouple, 
condenser, and rest of the circuit (exclusive of the coil) is known, the 
resistance of the coil is readily obtained. 

Using the resonance method some of the coils which had previously 
been measured on the bridge up to 200 kc. were measured at this fre- 
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quency and the results checked within a few per cent. These coils 
were then measured throughout the radio frequency band up to frequencies 
as high as those for which the coils were suitable. The first coils tested 
gave results as shown in Fig. 21; these four coils can be recognized (by 
data on the curve sheet) as coils 1, 3, 4 and 6 of Table II, which gives 
their resistance up to 200 kc. The variation of resistance with frequency 
is evidently not a simple relation; it increases rapidly for the lower fre¬ 
quencies (lower as the wire is larger) and there occurs a point of inflexion 
in the curve. In the higher-frequency range the resistance curve is a 



Fig. 22. —ComparisoQ of cable coils and solid wire coils. 

smooth one, the increase in resistance being greater (for a given incre¬ 
ment in frequency) as the frequency is raised. 

In Fig. 22 are shown the comparative merits of cable coils and those 
using solid wire. The coils were single-layer solenoids (coils 6, 14, and 
15 of Table II, p. 180) and the curves show conclusively that within the 
frequency range from 100 to 1000 kc. the cable coils are better for radio 
purposes, which practically always demand coils of the lowest possible 
resistance. It can be seen, however, that the superiority of the cable 
coil over the solid wire is rapidly decreasing at the higher frequencies. 
Thus at 200 kc. coil A (solid) has about 75 per cent more resistance than 
the 48-38^s cable coil, and this in spite of the fact that for zero frequency 
the cable coil has 50 per cent greater resistance because of the smaller 
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cross-section of copper. These two coils are just the same size and have 
practically the same number of turns, as shown on the curve sheet. At 
700 kc. the cable coil is still superior to the No. 23 solid wire but it is 
only about 25 per cent better, suggesting that at still higher frequencies 
possibly the solid wire may be the better of the two. 

The coils of Fig. 22 are not suitable for the higher frequencies, as they 
have too much inductance. It will be found from experience that a coil 
suitable for radio circuits should not have more than about 1000 ohms 
reactance at the frequency considered. Thus coils suitable for a 1000-kc. 
circuit will have about 150 microhenries of inductance, while those suitable 
for 500 kc. may have 300 to 400 microhenries. 



Fig. 23.—.\t these frequencies cable is still better than solid wire. 


In Figs. 23 and 24 are shown the resistance of cable and solid wire 
coils suitable for frequencies from 300 kc. to 5000 kc., and it will be seen 
that at the extreme high frequencies solid wire coils gave the better results. 
It is not impossible that, if cable could be obtained using finer wire with 
a better type of insulation on the strands, the cable would be superior to 
the solid wire. Radio receivers for the highest frequencies are, however,* 
built to-day with solid wire coils, as Fig. 24 indicates they should be. 

At the highest radio frequencies even the coils of Fig. 24 have too much 
inductance. In a typical 20-meter receiver, for example, the coil had 
8.8 microhenries inductance, and the resistance of the coil (including 
losses in condenser and input circuit of tube) was 28 ohms. The reactance 
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of this coil is about 800 ohms, so its reactance is about 30 times as much 
as the circuit resistance. 

Effect of Neighboring Coils.—It has been pointed out in (Chapter I 
that the presence of another circuit will always increase the resistance of 
the circuit in question, and Eq. (108) (Chapter I) indicates that this resis¬ 
tance increase may reach large values if the second circuit happens to be in 
resonance with the frequency impressed on the first. The curves of Fig. 
123, Chapter I, indicate how pronounced this effect may be. 

Now coils, of and by themselves, constitute a closed circuit at the 
higher radio frequencies. Coils always have inherent capacity (one part 
of the coil acting toward another like one plate of a condenser), and this 
inherent capacity, in combination with the inductance of the coil, gives the 
coil a natural frequency of its own. This natural frc'quency is generally 
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Fig. 24.—At these higher frequencies solid wire may he better tluin cable. 


much above any frequency for which the coil is suitable, so that the 
natural frequency of a coil as.sumes importance only in special cases. We 
can say that the coils generally used in radio work have inhe^rent capacity 
of about 5 micro-microfarads, as will be shown lat(T in this chapter. Now 
we have said that a coil suitable for use on a 1000-kc. circuit will have 
about 150 microhenries inductance. But this amount of inductance 
in combination with 5X10~ ^- farad capacity will show resonance at about 
6000 kc., far outside the range for which the coil is suitable. 

It sometimes happens, however, that a receiver is made to cover a 
wide frequency range; in such a receiver several coils are incorporated, 
any one of which may be used by a selector switch. These coils may be 
wound on the same cylindrical form, and, if so, do have some mutual 
induction. Such a case is shown in Fig. 25(a). Coil A was designed for 
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the highest frequencies, coil B for medium frequencies, and coil C for 
the lowest frequencies the set was to receive. 

In listening to signals in the neighborhood of 2300 kc. it was found that 
the set was “dead.” No signal of that froqaoncy could be heard unless 
it was excessively strong. Measurement of the resistance of coil A 

showed the effect given 
in Fig. 25(6). At the 
critical frequency coil A 
showed a resistance of 
90 ohms, whereas on 
either side of that fre¬ 
quency its resistance was 
about 3 ohms. Further 
tests showed that coil C 
had its natural frequency 
at 2300 kc. 

By short-circuiting 
coil C, the dead spot on 
coil A was completely eliminated; connecting the two terminals of coil C 
together practically nullifies the effect of the inherent capacity of the 
coil. The dead spot can also be practically eliminated by short-circuiting 
coil /i, as such a condition results in almost no voltage being induced in 
coil C from coil A. This 
effect will be taken up 
under the topic of Shield¬ 
ing, later in this chapter. 

Effect of Coil Mount¬ 
ing upon Its Resistance. 

—Any material on which 
a coil is wound, or to 
which its terminals are 
connected, will nec¬ 
essarily be in the mag¬ 
netic and electric fields 
which surround the coil. 

Unless the material is 
conductive the magnetic 
field will have but little 
effect, but the electric 
field will produce dielectric loss (discussed later) in the material, which 
loss will show up as an increase in the apparent resistance of the coil. 
This effect is generally not large, a typical case being given in Fig. 26, 
showing the resistance of a coil wound on a bitumen spool. For the first 
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Fig. 2G.—Even a terminal block adds somewhat to the 
effective resistance of a coil. 






Kilocycles 
( 6 ) 

Fig. 25.— Showin^r the effect of an idle coil on tlie resis¬ 
tance of a smaller coil in proximity to it. 
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measurements the coil ends were left free and in the second case they were 
connected to binding posts mounted in a small block of Bakelite. If fiber 
had been used for the terminal block, the increase in resistance would 
have been much greater. 

Effect of Using a Tapped Portion of a Coil.—It is generally bad 
design to use a tapped portion of a large coil when a low inductance is 
wanted. The unused portion of the coil will act like an autotransformer 
having comparatively high voltages set up in it. Capacity currents (due 
to inherent capacities) will flow, giving losses in the unused portion and 
the insulating material surrounding the unused portion of the coil will 
have high dielectric loss. This effect is shown in Fig. 27, in which the 
resistance of a 32-turn coil is given, and also the resistance of a tapped 
portion, including only 22 turns. And on the same curve sheet is shown 
the resistance of the 22 turns by themselves, after the extra 10 turns had 
been removed. Actually there is plotted in Fig. 27, not resistance directly, 

but the ratio of re¬ 
actance to resistance. 
It is this ratio (which 
is practically the 
reciprocal of the 
power factor) which 
really gives the merit 
of the coil. 

If a tapped por¬ 
tion of a coil must 
be used, it is fre¬ 
quently preferable 
to short-circuit that 
seem; the resistance 
of that part of the coil being used is often decreased by putting the short- 
circuit on the unused portion. 

Resistances of Typical Good Radio Coils.~In Fig. 28 there is shown 
the resistance of a whole set of radio coils suitable for covering the band 
of frequencies from 150 kc. to 3000 kc. They were made of cable (48-38'8) 
on spools 4 in. in diameter. They were wound in either two or three layers, 
according to their inductance. The layers were arranged in the so-called 
** banked winding,'' in which the various turns, for a 3-layer coil, are put 
on in the sequence shown in Fig. 29. The first and second turns are wound 
side by side on the spool, which must have a rough surface. The wire is 
then turned up over the second turn and the third turn put on. The wire 
then jumps down and winds the fourth turn on the spool surface and then 
jumps on top of the fourth and winds the fifth, etc. The numbers in the 
cross-section of the wires show the sequence of winding. 



Fig. 27.—These curves show that tapped portions of coils 
should not be use<i. 


part of the coil not being used, strange as it may 






REASONABLE POWER FACTORS FOR RADIO COILS 


193 


The coils used to get the data of Fig. 28 were on bitumen spools and 
were thoroughly impregnated with shellac and dried before being measured. 



Fia. 28.—Resistance curves for a set of bank-wound coils suitable for radio circuits; 
they had either two or three layers of finely stranded cable. 


When shelltic is used on coils, it, must be very thoroughly dried (preferably 
by heating the wires of the coil itself), or 
a large loss due to leakage currents will 
result. 

Reasonable Power Factors for Radio 
Coils.—From the data given in Fig. 28, 
and other data the author has, it is pos¬ 
sible to plot a curve as shown in Fig. 30, 
giving reasonable ratios of reactance to 
resistance for typical radio coils. To get 
ratios as high as those given in this figure j^iq. 29. — Showing how bank-wound 
the coil must be suitably chosen for the coils are made. 
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frequency of the circuit. From this figure it is seen that a reasonable 
power factor for radio coils varies from possibly \ per cent at 200 kc. to 
about 1 per cent at 3000 kc. These figures refer to coils used in radio 
receiving apparatus. For the large coils used in transmitting stations, 
weighing hundreds of pounds, a power factor as low as 0.002, or even lower, 
may be reached.^ 

Theory of Increase in Coil Resistance. —In general, the exact theoretical 
investigation of the increase in coil resistance, as frequency is increased, 
involves considerable effort. Any such treatment must take into account 

the gradient of the 
magnetic field in which 
the various turns lie, 
the effect of the mu¬ 
tual induction of all 
the other turns on the 
turn being examined, 
effect of the space 
necessary between ad¬ 
jacent turns for insu¬ 
lation, etc. Iwen after 
many simplifications 
have been made, the 
solutions generally 

involve coefficients expressible only by infinite series sometimes only slowly 
convergent. 

For single-layer solenoids of solid wire Lindeman has proposed the 
relation 

■ K = IM\ + aVj+pP), .(7) 
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Fig. 30.—Reasonable ratios of reactance to resistance in 
good radio coils. 


where /]^ = a.c. resistance; 
/fo = c.c. resistance; 
f= frequency. 


In the formula a and 0 are constants which must be determined experi¬ 
mentally; they must be obtained from measunaiKUits at fre(|uencies much 
lower than the natural frequency of the coil. 

For single-layer solenoids of cable he suggests another formula 


R=^Ro 




( 8 ) 


1 See '‘Design and Efficiencies of Large Air Core Inductances," by Brown and D)ve, 
in Proc. I.R.E., Dec., 1926. Reasonable coils have about 800 ohms reactance at the 
middle of their useful frequency range. 
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where iV = number of strands in the cable; 
r = radius of one strand; 

(T = resistivity of material in electro magnetic units; 
y = radius of cable; 

CO = 27r/. 

Effect of Broken Strands in Cable Coils.—It has often been stated 
that a serious drawback in the use of finely stranded cable for radio coils 
was due to excessive resistance in the coil if one or two of the strands were 
broken, or not properly soldered to the others at the terminals of the coil. 
Analysis shows no logical reason for such an effect, and the experimental 
results given below show that if there is such an effect it is negligibly small. 

A single layer solenoid 4^2 diameter 1.3 in. long was wound with 

26 turns of cable made up of 3-16-38’s enamel-covered wire. In making 
the cable the manufacturer twists together 16 of the No. 38 enamel- 
covered wires and then twists together three of these cables, covering the 
whole with silk wrap. The calculated resistance for the length of the cable 
used was 0.467 ohm, and the measured c.c. resistance was 0.483 ohm. One 
of the strands was undoubtedly broken inside the cable somewhere. The 
inductance of the coil was 109 microhenries. 

Its resistance was measured throughout the range of frequencies for 
which such a coil is suitable. One strand was then broken, at one end, 
and the resistance was again measured. Then one more strand was broken 
(at the same end), making two broken strands, and its resistance was 
again measured. Similar tests were made as detailed in Table IV; whereas 


TABLE IV 


KEHlSTAXrE IN OhMS 


FrEvU'ENC Y 

IN 

Kilocycles 

i 

Complete 

One 

Strand 

Itroken 

T>%o 

1 Strands 
Broken 

Four 

Strands 

Broken 

Ten 

Strands 

Broken 

Twenty 

Strands 

Broken 

Forty-sevec 
i Strands 
Broken 

560 

1 73 

1.85 

1.78 

1.90 

1.95 

2.30 

19.6 

650 

1.69 

1.72 

1.51 

1.93 

1.97 

2.17 

26.1 

790 

2 10 

1 98 

2.19 

2.25 

2.50 

2.75 

25.3 

970 

2 32 

2 32 

2.31 ' 

2.35 

3.05 

3.29 

30.0 

1250 

5 4() 

5.50 

5.53 

5.50 

5.45 

6.60 

30.4 

1500 

8 68 

7.47 

7.33 

7.69 

7.42 

8.90 

46.6 


the results seem to be somewhat erratic, to a small degree, they do not 
show any great harm resulting from a few broken strands in such a cable. 
Cable coils do, of course, have a marked disadvantage over solid-wire 



196 RESISTANCE—INDUCTANCE—CAPACITY—SHIELDING [Chap. II 


coils from the viewpoint of the manufacturer; it is a tedious task to clean 
the enamel from each of the strands, which of course must be done before 
they can be soldered together. 

Neighboring Circuits Heated by Eddy Currents.—As an instance of 
the losses occurring in neighboring circuits it is interesting to note that 
one of the terminal posts of the coil pictured in Fig. 20 was fastened on a 
piece of hard rubber, and this rubber block was fastened to the wood 
end-piece of the coil with small iron screws. When operating this coil 
with 4 amperes at 50 kc. flowing in the winding the heat generated in 
those screws was such that they burned themselves free from the wood 
after the coil had been in the circuit but a short time. Nowadays the 
heating of masses of metals by the eddy currents set up by high-frequency 
currents is assuming real commercial significance. Furthermore, such 
eddy currents can be thus set up in metal masses which are inside an 
evacuated glass vessel, a very useful procedure iq the manufacture of 
vacuum tubes. 

Resistance of Iron-core Coils.—It was at first thought impossible to 
use iron-core coils for the high frequencies employed in radio circuits, but 
such is not actually the case (at least for the lower radio frequencies), 
although the gain in using iron is not so great for radio frequencies as it is 
for ordinary low frequencies. The difficulty in making efficient iron-core 
coils for high-frequency circuits is a two-fold one—the apparent permeability 
of the iron is much less than it should be, and the losses in the iron core 
greatly increase the effective resistance of the coil. Both of these unde¬ 
sirable effects are due to the same cause; the increase in resistance due to 
iron loss is mostly caused by eddy currents in the iron laminas, and these 
same eddy currents serve to keep the magnetic flux from penetrating and 
so make only the outer parts of the laminas useful as flux carriers. There 
is also some iron loss due to hysteresis, but this is small compared to the 
eddy-current loss. 

The paths of the eddy currents in the laminas of an iron core are indi¬ 
cated in Fig. 31, the laminas being shown much thicker, of course, than 
they really are. The direction of the eddy currents, it is to be noticed, 
is opposite to that of the current in the winding, hence at any point A in the 
center of a lamina, the magnetomotive force acting is really that produced 
by the winding diminished by a certain amount due to these eddy currents. 
At low frequencies the back m.m.f. of these eddy currents is negligible 
compared to that of the main magnetizing coil, so that the flux density 
in the lamina is nearly constant throughout its cross-section and is about 
the same as it would be were no eddy current present. At higher fre¬ 
quencies, however, the eddy-current effect becomes increasingly greater, 
so that at radio frequencies the full value of magnetic flux exists only on 
the outer surface of the iron; in the inner parts the flux density decreases 
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and it may be practically zero at a depth only a small fraction of a milli¬ 
meter from the surface of the iron. 

The strength of the eddy currents decreases with the thickness of the 
laminations; the plates used for the cores of radio coils should be only 
a few hundredths of a 
millimeter thick. To get 
the benefit of lamination 
it is essential that the 
plates be well insulated 
from one another, either 
by a fine quality of var¬ 
nish or thin paper, or 
both. The burred edges 
of the plates, caused by 
imperfect fit of the punch 
and die used in making 
the plates, is especially 
bad in causing eddy cur¬ 
rents. 

The flux density in the steel plates has about the distribution shown 
by Fig. 32; the penetration of magnetic flux into an iron sheet decreases 
as frequency increases, increases with the specific resistance of the iron, 
etc., in fact follows the same distribution law as the penetration of cur¬ 
rent itself into a conducting medium given in Eq. (3). Because of this 


Magnetizing current 



Fig. 31.—Eddy currents occurring in a laminated iron 
core. 


Flux density at 



Fig. 32.—Flux density variation throughout the section of a lamination of an iron core; 
the higher the frequency the greater is the variation in flux density. 


lack of penetration and because of the phase lag of the flux in the inner 
part of the core the apparent permeability of the iron decreases as the 
frequency increases, resulting in a decrease in the self-induction as the 
frequency increases. The curves given in Fig. 33 show how the resistance 
and inductance of a laminated iron-core coil change as frequency changes. 
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It will be noted that the increase in resistance is practically all due to 
eddy-current losses; the hysteresis loss is nearly negligible. It is evident 
that iron of the quality used in this coil must be used in laminations less 
than 0.0075 cm. (the thickness of those in the test coil) to maintain a low 
resistance at high frequency. The decrease in inductance of this coil is 
comparatively small in the range of frequencies used. The effective 
permeability of the iron in this core proves to be just 100. 



Fig. 33.—Characteristics of a toroidal-shaped coil having laminated iron core. 

In Fig. 34 are shown the variations in L and R of another toroidal 
coil, using thicker laminations. Even for the comparatively low frcciuen- 
cies used in this test the decrease in inductance is very pronounced. 

The effective permeability of the iron in this core varies from 100 at 
the lower frequency to about 60 at 25 kc. In the section of this chapter 
dealing with inductance more material in permeability of iron cores will be 
given. 








ACTION OF IRON AT HIGH FREQUENCY 


199 


Action of Iron at High Frequency.—It is to be remembered that the 
effective permeability is obtained by the ratio of the total flux produced in 
the iron and the magnetizing ampere terms of the coil. Certain experi¬ 
ments seem to indicate that the actual permeability of iron is independent 
of frequency, and this is probably the fact. The ratio of flux to ampere 



Fig. 34.—Characteristics of a toroidal-shaped coil having laminated iron core, lamina¬ 
tions being much thicker than those of Fig. 33. 

turns of the magnetizing winding goes down as the frequency increases, 
and this results in the decreasing effective permeability; however, if the 
ratio of flux density to the net magnetizing force is obtained a constant 
value will probably be found. That is, if we consider the ratio of the 
flux density to the (magnetizing force of the coil—the demagnetizing 
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force of the eddy currents), probably no change takes place as frequency 
increases. 

The flux density throughout the cross-section of a plate not 
only changes as indicated in Fig. 32, but its phase changes also. The flux 
at a certain instant may actually be in one direction at the surface of the 
iron plate and in the opposite direction in the center of the plate. The 
density of magnetic flux, with increasing distance from the surface of the 
plate, follows the same law of diminution in magnitude, and falling behind 
in phase, as does the current flowing down a long transmission line. 

It is sometimes convenient to speak of the “ depth of penetration of the 
flux into a piece of iron. Now actually the flux always penetrates to the 
center of the plate, but the meaning of the term depth of penetration is 
taken as that depth which multiplied by the density of the flux at the sur¬ 
face, gives a total flux equal to the actual total flux. 

In Fig. 35 the flux density distribution in a plate is shown by the curve 
ABCDEy the distance to this curve from the edge of the plate, IKIIG^ being 

the flux density, the total flux in the upper 
half of the plate is shown in the cross- 
hatched area, BCKL Now in the lower 
half of the diagram the line IIF has been 
taken in such a position that the area 
F EG II is equal to that of A BCKL Then 
the distance FE is taken as the “ depth of 
penetration^' of the flux. MacLachlan 
has reported ^ some experiments in the 
action of iron at high frequencies; a few 
of his results are given here. Using silicon 
steel plates and “ puije ” iron plates, each 0.25 mm. thick, he found the 
depth of penetration as shown in the table here given. The specific 
resistance of the silicon steel was taken as 54.5 microhms {kt centimeter 


Flux density 



Fio. 35.—Diagram to illustrate the 
meaning of the term “depth of 
penetration.” 



liy Theory 

JJy Test 

FrcJiueticy 

Silicon steel. 

0 011 cm. 

0 (K)75 

2X10'> 

Silicon steel. 

0 0072 

0 0045 

5XHP 

Pure iron. 

0 (K)54 

0 (K)25 

2X10^ 

Pure iron. 

0 0035 

0 0017 

SXIO’^ 


cube, and that of the iron as 12.5 microhms. The higher the resistance 
the smaller are the eddy currents and hence the greater is the penetration; 
this is shown in the above table. 


‘ Journal I.E.E., Vol. 54, p. 480. 
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The ratio of flux density to magnetizing force is of course much lower 
at high frequencies than at low ones, primarily because of the lack of pene¬ 
tration as explained above. MacLachlan gives some B-H curves for the 
silicon and iron plates he used; some of them are reproduced here. The 
flux density (/i) plotted is that calculated on the assumption that 
the flux density throughout the cross-section of the plates was uniform; 
as we know this is not the case it is evident that the flux density at 
the surface of the plates was considerably higher than the value shown by 
the curves. 

Fig. 36 shows the action of plates of silicon steel (0.25 mm. thick) 
with variations in frequency and magnetizing force. It is seen at once 
that the flux does not penetrate as well in the pure iron as it does in 
the silicon plates. At 2X10'’ cycles the total flux through the silicon 
plates is about twice that through the iron plates, but it is to be 



Maifnetizing force, 11 




Fia. 36.—Average flux den¬ 
sity va. magnetizing force 
at radio frc(iuency. 


37.—Possible flux 
density distributions 
in twoditTerent irons. 


Fig. 38.—Curves similar to 
those of Fig. 36, for some¬ 
what thicker plates. 


remembered that possibly the flux density at the surface of the pure 
iron was as large as, or even larger than, that of the silicon plates, but 
owing to the lesser i3enetration the total flux, from which the B of Fig. 36 
is calculated, is less. 

This idea is indicated in Fig. 37, which shows a possible flux density 
distribution for the two plates. The silicon plate has much less surface 
density of flux than the iron one, but the total flux (shaded area) is greater 
for the former because of the better penetration. In Fig. 38 other B-H 
curves are given for plates of the same composition as those of Fig. 36, 
but different thickness. Even though there may be considerable flux 
penetration in the iron at radio frequencies its application is of but little 
value at present, because of the high losses occurring in the iron, due to 
eddy currents and hysteresis. To be of service for tuning radio receivers 
the reactance of a coil must be much greater than its effective resistance; 
the iron losses act to give a high effective resistance as shown by the 
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accompanying table of power factors which MacLachlan found for his 
iron-core coils, using plates 0.25 mm. thick. 



Frequenry 

Power Factor 

Silicon steel. 

2X10^ 

0.90 

Pure iron. 

2X10’^ 

0.84 

Silicon steel. 

5X10- 

0.92 

Pure iron. 

5X10^ 

0.86 


With power factors as high as these the reactance cannot be high com¬ 
pared with the resistance; in fact, it is actually much less than the 
resistance. 

Suitable Iron for Cores.—In general, iron-core coils are used in radio 
circuits only for currents of audio frequencies. These vary from about 
50 cycles per second to several thousand. 

Iron which has been developed for use at the commercial frequencies 
of 25 cycles and 60 cycles is not of the right characteristics for radio 
apparatus. Ordinary electric steel'' has too high an eddy-current loss 
at the higher audio frequencies, whereas at engineering frequencies the 
eddy-current loss is small compared to the hysteresis loss. Steel with a 
high percentage of silicon (3,5 per cent) seems suitable for many purposes. 
At a flux density (maximum) of 15 gausses (15 lines per square centimeter) 
at 1000 cycles plates of this steel 0.03 cm. thick show an eddy-current loss 
of about 1 erg per gram per second and hysteresis loss of about 5 ergs per 
gram per second. 

Permalloy.—It has recently been discovered that a certain nickel- 
steel alloy shows remarkable magnetic properties for very low magnetizing 
forces. If the alloy has about 79 per cent nickel its permeability may go 
to 100,000 or more; just what permeability the material shows depends 
principally upon what magnetizing force is employed and the treatment 
given to the alloy in the process of manufacture. 

As will be explained later in this chapter iron cores used in radio circuits 
generally are subjected to a continuous magnetomotive force as well as the 
alternating one; in this case the permeability for the alternating current 
depends largely upon the continuous magnetomotive force present. This 
effect is especially pronounced with permalloy cores. 

In case two alternating currents of different frequencies are acting on 
the core, each may have a marked effect on the pc^rmeability for the other, 
as is explained later under the topic of Self-induction. 

Iron Dust for Cores. —Many experimenters have had the idea of using 
very finely pulverized iron dust for cores of coils to be used at high fre¬ 
quencies. By having the dust particles fine enough and putting them 
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together, to make the core, in some way that will preserve a high resistance 
between the iron particles, it should be possible materially to reduce the 
eddy-current loss and at the same time retain a reasonable permea¬ 
bility. 

The idea seems simple enough, but it took a deal of experimenting and 
money to accomplish the desired result; the dust which the early experi¬ 
menters put together with shellac or other binder seldom had a permeability 
of more than five. The telephone engineers had great need for iron-dust 
cores (for telephone loading coils) and have now produced an iron-dust 
core of remarkable properties. 

Electrolytic iron, saturated with hydrogen and very brittle, is pulverized, 
finely coated (sometimes with zinc) and mixed with an insulating cement; 
it is then put into ring-shaped molds and subjected to extreme pressure. 
By using a pressure in excess of the elastic limit of the iron particles, the 
dust grains are made actually to flow, thus binding themselves together. 
This dust has about the same density as ordinary iron, thus showing that 
practically all the cement is forced out. While by no means as mechani¬ 
cally strong as ordinary iron, these molded cores can be handled with 
impunity without breaking; on filing the core the exposed surface has, 
to the naked eye, exactly the appearance of ordinary iron. 

Iron dust, thus suitably prepared, makes very excellent material for the 
cores of coils intended for high-frequency use, having very low eddy-current 
loss. It has, in common with all iron cores, the disadvantage of a perme¬ 
ability varying with magnetic density. A dust-core coil (toroid) was 
tested to show this effect and gave the results shown in Fig. 39; the 
measurements were carried out at a frequency of 2000 cycles. In Fig. 
40 are shown the characteristics of this same coil measured at various 
frequencies. The ratio of reactance to resistance brings out very well the 
fact that a coil is always most efficient at some certain frequency. The 
permeability of this iron dust is about 50, holding this value to above 
100 kc. 

It is to l)e noticed for all these iron-core coils that, at radio frequency 
the resistance of the copper wire is negligible compared to the resistance 
caused by iron losses, hence it is of little use to employ for the winding 
a wire as large as those used in winding the coils whose characteristics 
are shown in the foregoing figures. A very fine wire may be profitably 
used for the windings, then a large number of turns (hence high L) may be 
put on a very small core—using an iron-dust toroidal core, the outer diam¬ 
eter of the toroid being 5 cm. and the core itself being slightly over 1 cm. 
in diameter, winding with fine wire, it is possible to make a coil with an 
inductance of about 0.25 henry, and having low enough internal capacity 
to be efficient at 60,000 cycles. Such coils are very convenient for the 
plate circuit of amplifying tubes, as they are very compact, and are not 
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subject to outside disturbances, a toroid having practically zero mutual 
induction with any other circuit. 

The losses in iron cores have been measured by a calorimetric method ^ 
and they indicate the same effect of eddy currents as that given by the 
decrease in self-induction shown above. 

Resistance of Spark and Arc.—In radio circuits there is sometimes 
used an arc, or a spark gap, the resistance of which affects the operation 
of the set and must be considered when getting decrement, losses, etc. The 
resistance of a spark gap varies with many factors, principally the length 



Fig. 39.—Variation of inductance and resistance of a coil havinpj iron-<lu8t core, showing 
increasing iK^rmeability with increasing current. 

of gap and magnitude of current through the gap. Within the ordinary 
range of currents used in radio circuits the resistance of an arc or spark, 
for constant length of gap, varies inversely with the current to some 
power higher than the first, in such a way that the IH drop actually 
decreases with an increase of current. Other factors affecting the resis¬ 
tance of the gap are the nature of the gas through which the arc or spark 
is passing and the material of which the gap terminals are made. Silver 
and copper electrodes give a higher resistance gap than such metals as 

‘ '‘Hysteresis and Eddy-Current Tx)88es in Iron at Radio Frequencies/' Nussbaum 
in Proc. I.R.E., Vol. 7, No. 1, Feb., 1919. 
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zinc, magnesium, etc.; hydrogen and illuminating gas give a higher resist¬ 
ance than air. 



i'lG. 40.—EfTcct of frequency upon the ehanieteristics of a toroidal coil having a core of 

fine iron dust. 



Fig. 41.—A sine wave of c.m.f. impressed across an arc in series with an iron-core induc¬ 
tance gave voltage and current forms as shown. There w:is much metallic vapor 
used in this arc. 


FA-^riments indicate that for such currents and gaps as are used in 
radio set s the resistance^(effective) of a spark gap is not more than 1 ohm. 
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and is generally only a few hundredths of 1 ohm. This value of resistance 
is obtained from the heating effect, and so gives a kind of average value 


of the resistance during the cycle. 



0123466789 10 

Amperes 


Fig. 42.—Resistance of small arc, 
in air. 


For low frequencies tlie resistance 



1 2 3 4 5 6 7 8 9 10 

Amperes 


Fig. 43.—Resistance of small arc in 
illiiminatinf^ j^as, showing also the 
effect of a transverse magnetic field. 


of an arc or spark varies a great deal throughout a cycle of currenlj and it 
probably does (even if to a less extent) at radio frequencies. 

In Fig. 41 is shown the oscillogram giving the form of voltage across 

an arc and the current through the arc; 
if the resistance is defined as the ratio 
of volts to amperes it is evident that 
the resistance varies through widely 
differing values during the cycle. 

In most radio circuits the resis¬ 
tance which assumes importance is that 
offered to alternating currents, rather 

than the c.c. resistance. Nearly all 
.001 .01 .1 1.0 10 100 1000 10.000 . . . 

Amperes circuits offcr a greater resistance to 

Fkj. 44.— Characteristics of a disc of the flow of alternating current than 

thyrite. they do to continuous current, but 

the arc is one of the exceptions to this 
rule. The relation of current (c.c.) and potential difference in a certain 
arc is shown in Figs. 42 and 43; from the curves it is evident that increasing 
current requires less and less potential difference across the arc. The 
resistance of this arc for continuous current varies from 50 ohms to 2 ohms, 
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according to conditions. Now the ax, resistance must he determined by the 
ratio of the voltage change to the current changej i.e., R = dv/diy and from these 
curves it is evident that when dv is positive di is negative, so that the a.c. 
resistance of the arc is negative. This negative resistance for alternating 
currents is characteristic of nearly all circuits in which gas of some kind 
takes part in the conduction of the current; in some special cases even a 
pure electron stream may have a negative resistance for an alternating 
current, as will be explained when discussing vacuum tubes. 

Alternating-current Resistance of Arc. —In general we may say that 
the a.c. resistance of an arc is negative; how large this negative resistance 
is depends upon many factors. 

By the statement that the a.c. resistance of the arc is negative is not 
meant that an arc, operating on alternating current, does not absorb 
power and give off heat. Iwidently such a statement would be absurd. 
The statement means that if an arc operating from a c.c. source is now 
made to carry in addition a small alternating current (thus making the 
arc current a pulsating one), for this superimposed alternating current the 
resistance will be negative. 

If, for example, an arc is operating with 10 amperes of continuous 
current flowing through it, and a 500-cycle current of 1 ampere is sent 
through the arc, in addition to the steady current of 10 amperes, the 500- 
cycle current will encounter negative resistanc(\ The arc will actually be 
cooler (give off less heat) with the 10 amperes c.c. and the 1 ampere a.c. 
flowing simultaneously than w'hen the 10 amperes is flowing alone. 

As the amplitude of the alternating current approaches that of the 
continuous current the negative re.sistance it encounters decreases in 
value; this is also true if the alternating current is kept low^ in magnitude, 
but the frequency is increased. Above about 500 kc. it is difficult to make 
an arc develop appreciable negative resistance. 

Materials with Peculiar Resistance Characteristics. —Carbon is a 
material which acts differently from most other conductors in that its 
resistance decreases as its temi)erature rises; this means that as the voltage 
across a carbon filament is raised the current rises in even greater propor¬ 
tion. Some synthetic substances show this characteristic to a remarkable 
degree. One of them, with tlie trade name thyritCy shows a tremendous 
change in resistance values, as the voltage impressed on it is incrciised. 
In Fig. 44 are shown the variations in impressed voltage and resistance for 
various values of current; the piece of thyrite from which these results 
were obtained was in disc form, 6 in. in diameter and J in. thick.^ 

Resistance of an Antenna. —An antenna is a circuit consisting of a 
capacity, inductance, and resistance in series, the resistance being fixed 
in value by many effects, among them the radiation of power from the 
1 Jour. A.I.E.E., May, 1930, p. 350. 
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antenna in the form of electromagnetic waves. The surface of the earth 
generally forms one plate of the condenser and the overhead wire system 
the other, Fig. 45. When the current circulates in the antenna, losses occur 



in the network of wires and in the earth due to actual heat loss produced 
by the conduction currents; losses occur due to induced currents in guy 
wires, etc.; losses occur in the earth^s surface and any other dielectrics in 



Fig. 46 .—Typical resistance curve for an antenna, showing variation with frequency. 

the field of the condenser such as trees, etc., and power is radiated. That 
resistance caused by radiation is the only useful resistance; the other fac¬ 
tors increase the resistance of the antenna, but perform no useful function. 
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The resistance of an antenna varies with the frequency about as indi¬ 
cated in Fig. 46. With very high frequencies the resistance is high; it 
decreases to a minimum at a frequency about twice that of the natural 
oscillation of the antenna (without any added inductance) and then rises 
gradually, the amount of this rise being determined principally by dielec¬ 
tric losses in objects located in the electrostatic field of the antenna. 

For small land antennas the minimum on the curve may be 20-30 
ohms, for aeroplane antennas perhaps 5-10 ohms; for ships' antennas 
3-6 ohms, and for the large antennas used for long-distance communica¬ 
tion the minimum value may be 1-2 ohms. The more complete discus¬ 
sion of antennas and their characteristics will be given in Chapter IX. 

Resistance due to dielectric loss and corona loss will be treated in the 
section dealing with capacity. 

INDUCTANCE 

Self-induction 

CoeflBcient of Self-induction. Units.—The ordinary unit of self-induc¬ 
tion, the henry, is much too great to serve for radio work; instead there are 
used the millihenry (10“^ henry) the microhenry (10 “®) and infrequently 
the centimeter (10“^ henry). The microhenry is most commonly used. 

The fundamental viewpoint from which to consider the self-induction 
of a circuit is that of the amount of energy stored in the magnetic field 
of the circuit. This energy is given by the well-known formula. Energy 
= L/“/2, where the energy is measured in joules, the current in amperes 
and L is the coefficient of self-induction in henries. From this equation 
we can get the definition that the coefficient of self-induction of a circuit 
in henries, is numerically equal to twice the number of joules stored in the 
magnetic field when the current in the circuit is 1 ampere. Hence any 
conditions which affect the magnetic energy in a circuit, the current staying 
fixed, must affect the coefficient of self-induction. 

A piece of iron introduced into the magnetic field decreases the reluc¬ 
tance of the magnetic path, increases the flux and hence the magnetic 
energy, and therefore increases the L of the circuit. If a neighboring 
closed circuit is so placed that current is caused to flow in it by an alternat¬ 
ing current in the coil in question, this induced current may be nearly in 
phase opposition to the current in the first circuit. Flux which is produced 
by A (Fig. 47) and which threads circuit B is opposed by the m.m.f. of 
the current induced in R, and hence the reluctance of this part of the 
magnetic path of coil A is increased. This decreases the flux produced by 
a given current in A and so proportionately decreased the L of coil A. 
It is evident that the closer circuit B is placed to circuit A, the more 
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effect will its counter m.m.f. have on the amount of flux produced by A, 
and hence the more effect it will have in decreasing the L of coil A. 

If by any means the current in B is made to lead the voltage induced 
in B by 90° (as may be nearly done by putting a suitable condenser in 
series with the circuit) then the m.m.f. produced by B occurs in such 

phase as to help the m.m.f. of coil A and 

-hence produce an increase in the magnetic 

/ f j J energy of A for a given current, thus the 

V -y I ^ presence of coil B actually increases the 

1 effective self-induction of coil A. These 

- - / T effects were analyzed in the previous chapter 

^ ‘^re calculable from Eqs. (109), etc., 

I ^ j pages 125 et seq. 

V. V A ^ J B Self-induction of Iron-core Coils.—As has 

—--been f)ointed out earlier in this chapter it is 

Fig. 47.— When the current in customary to use iron-core coils in radio 

circuit .1 is viiried, current apparatus except for those coils through 

will flow m circuit iiffect- which the radio-frequency currents flow, 
ing thereby the re.sistance i r -i i 

and inductance of circuit 

somewhat higher, iron-core coils offer cer¬ 
tain advantages, cheapness, compactness, and freedom from stray mag¬ 
netic fields when compared to air-core coils. To get the most advantage 
from iron, however, it is necessary to appreciate some of the p)eculiarities of 
iron when subjected to various magnetomotive forces. 

We must distinguish three cases when discussing the behavior of iron- 
core inductances; 

coils in which simple _ ^ /c 

harmonic currents • ^ j 

are flowing, coils in j 

which a continuous ^ / r / 

^ / 

current as well 2 l^ o. J J 

sine wave of current / J 

is flowing, and coils [c _ _ 

in which two or more ^ Magnetizing force ^ Magnetizing force 

sine-wave currents of (<») (^) 

different frequencies Fiq. 43 .—The ordinary form of B-H curve frequently leads 
are flowing at the to error; the bottom of the curve is shaped as in ( 6 ). 
same time. These 


Magnetizing force 

(a) 


Magnetizing force 
( 6 ) 


Fig. 48. —The ordinary form of B-H curve frequently leads 
to error; the bottom of the curve is shaped as in (6). 


cases are more complicated in the order of the above tabulation. 

Permeability of Iron Cores.—The permeability of iron is indicated 
by the relation between flux and magnetizing force, as shown by the 
ordinary B-H curve. For ordinary iron this relation is given by such a 
curve as that of Fig. 48(o), of the well-known form. Up to a certain 
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flux density (A in the curve) the flux is approximately proportional to 
the magnetizing force and we say the permeability is constant. On that 
part of the curve above A the increase in flux for a given increment in 
magnetizing force becomes continually smaller and we say the iron is 
becoming saturated. 


In radio circuits we frequently deal with very small currents, involving 
small magnetizing forces. The only part of the B-H curve of interest 
then is the region of C (Fig. 48a). But if this part of the B-H curve is 
obtained carefully it will be found to have the form given in Fig. 486, in 
which the point marked C corresponds to the point C of the (a) diagram. 
From the (6) diagram it is seen that for very weak magnetizing forces the 
iron acts much differently than it does for those ordinarily used in 
electrical machinery. As permeability is determined from the ratio of 
flux to magnetizing force it is appanmt that the permeability of the iron 
at point C (Fig. 486) is much greater than it is at point D. Whereas the 
electrical engineer, dealing with iron well up towards point A of Pig. 48, 
thinks of the permeability of iron as 1000 
to 2000, the telephone engiiK'er, using iron 
at a density of only a h'w lines per square 
centimeter or less (point ]))y thinks of 
iron as having a permeability 1x4ween 50 
and 100. 

Hysteresis Loop.—If the iron is car¬ 
ried through a magnetic cycle', as it is in 
every a.c. circuit, the B-H relation does 
not go up and down the curve OAB of 
Pig. 48, but executes a loop as shown in 
Fig. 49. The area of this loop r^^presents 
the work required to carry tht' iron 
through its magnetic cycle; it appears 
as heat in the iron core, and is said to 
l)e due to molecular friction. 

The ratio between flux aiul m.m.i., as the iron goes through its hys¬ 
teresis loop, is evidently a variable quantity. At two points in the loop 
the flux is zero for finite values of the magnetizing force, thus making 
the permeability (as ordinarily conceived) zero. At two other points the 
flux has definite values when the magnetizing force is zero, thus suggesting 
the idea of infinite permeability. Actually the permeability (for the 
alternating current) is thought of, and ordinarily measured, as the slope 
of the line AOB of Fig. 49. The slope of this line gives an average 
permeability and is thus the value used by the transformer designer, 
for example, in his calculations. 

So we say that for alternating currents the permeability is determined 



Fig. 49.—The perme.ability of iron 
is a varial)le throughout the a.c. 
cycle; for alternating currents it is 
generally considered constant of 
value determined the line A-B. 
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by the slope of the hysteresis loop. If, now, we use this idea for various 
amplitudes of alternating current, we arrive at the conclusion indicated 
by Fig, 50, For weak m.m.f.s (small currents) the loop A is executed 
and the slope of this loop is comparatively small. So for weak alter¬ 
nating currents this iron would have low permeability. For larger alter¬ 
nating currents loop B would be executed and the permeability would 



Fia. 50.—The slope of the hysteresis 
loop varies with the density of 
magnetization. 



Fig. 61.—The average permeability, de¬ 
termined as in Fig. 49, varies with 
flux density as shown here. 


be higher, while for still larger currents loop C is executed and the perme¬ 
ability is again lower. 

Fig. 51 shows the variation in permeability suggested by the three 
loops of Fig. 50; the range of permeability in the curve of Fig. 51 is 
from about 100 (for weak currents) to a maximum of 2000, this represent¬ 
ing ordinary electric steel,'' while for permalloy the maximum value is 

perhaps 100,000. This high 
permeability is frequently not 
available to the radio engineer, 
however, for reasons given in 
the next section. 

Magnetic Action of Alloys.— 
In recent years much work has 
been done on the magnetic 
properties of various alloys, 
principally those of iron, nickel, 
and cobalt. Not only does the addition of nickel and cobalt to iron change 
its permeability tremendously, but it also changes to an equally great 
degree its hysteresis loss and retentivity. Thus cobalt steel permanent 
magnets are only a fraction as large as the older tungsten steel magnets, 
for a given amount of flux, and yet they retain this flux for a much longer 
time and are more permanent. 



Fio. 62.—Permeability values for nickel-iron 
alloy, as the proportion of nickel is altered. 
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The nickel iron alloys show remarkable changes in permeability as 
the percentage of nickel is changed. The so-called initial permeability 
(permeability for very small magnetizing force) follows the curve given in 
Fig. 52. 

This diagram shows the remarkable change in permeability which occurs 
with about 78^ per cent nickel; this alloy is so permeable that even the 
weak m.m.f. of the earth^s field may magnetize it to saturation. It must 
be remembered that a material may have a very high permeability and yet 
not have much flux-carrying capacity. Thus in the 78| per cent nickel 
alloy (generally called permalloy) the density of flux at saturation is some¬ 
what lower than the maximum flux density possible in ordinary electric 
steel. But what density the alloy will support is produced by very weak 
magnetomotive forces. This makes it valuable for loading ocean cables, 




M&^etizinjr force H 


Fia. 53.—Comparison of perminvar and or- Fig. 54.—Showing the effect of 
dinary electric steel, showing constancy of heat treatment on the permea- 

j)ermeability for the nickel-cobalt-iron bility of perminvar. 

alloy. 


where it finds application in the form of thin tape or wire wound spirally 
over the copper conductor carrying the cable current. These currents are 
very weak, and the m.m.f. in the magnetic path around the cable is exceed¬ 
ingly small. Yet for just these small m.m.f.s, the permalloy shows its 
high permeability, hence its application in this service. This special alloy 
has the further desirable quality of practically no hysteresis loss. Further¬ 
more it shows the interesting quality of no expansion or contraction 
when magnetized, that is, it shows no magnetostriction. Most magnetic 
materials change size or shape when they are being magnetized. 

Another interesting alloy goes by the name of “ perminvar,” signifying 
that its permeability is invariable, or constant, under widely different 
conditions. In Fig. 53 are shown permeability curves for ordinary electric 
steel and for perminvar. It is seen that up to about 4 ampere turns per 
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centimeter the ordinary electric steel goes through tremendous permeability 
changes, whereas the perminvar is practically constant. In Fig. 54 are 
shown the curves of perminvar permeability for different heat treatments; 
it is evident that this treatment is vitally important in determining the 
magnetic characteristics of the alloy. 


H for upper curves 




6 in kiIoi;ausscs 


Fia. 55.—Comparison of Hipernik 
with ordinary electric steel. 


Fig. 50.—Possible values of permeability 
With all the oxygen removed from the 
nickel-iron alloy. 


The group of nickel iron alloys having between 40 and 60 per cent 
nickel show remarkable properties after having been subjected to a certain 
heat treatment. Results obtained up to the present indicate that it is the 
very small amount of occluded oxygen, which remains after the ordinary 

purifying processes, that must be re¬ 
moved before the high values of per¬ 
meability can be obtained. This refining 
process involves a final annealing of the 
alloy in an atmosphere of dry hydrogen, 
at a temperature of 1000^-1300° C. for 
many hours. This treatment apparently 
removes the very small residuals of sul¬ 
phur, carbon, and oxygen. A few 
hundredths of 1 per cent of these sub¬ 
stances acts very unfavorably upon the 
magnetic properties of the alloy. 

Using a 50 per cent nickel alloy, with the heat treatment above referred 
to, a B-H curve was obtained as shown in Fig. 55; on the same curve 
sheet is shown the B~H curve for ordinary silicon sheet steel, the kind used 
in electrical machinery. These curves bring out the tremendous gain in 
permeability which this alloy has made possible, at no sacrifice in the 



Fig. 57. —Comparison of hyste- 
re.si8 loops of llipemik and 
electric steel. 
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obtainable flux density. The alloy, with only 50 per cent iron, will carry 
practically as much flux as the silicon steel containing 96 per cent iron; 
of course at the very high densities shown on the curve sheet the per¬ 
meability for the alloy is no better than it is for the silicon steel. 

In Fig. 56 are shown permeability curves for two grades of this special 
alloy (sometimes styled “ Hipernik ’’) as well as that for silicon steel. It is 
likely that great improvements in these new magnetic materials are still 
possible. 

The shapes of the hysteresis loop of magnetic materials is extremely 
important to the radio engineer, even more so than the normal permeability 
curves, because he is generally interested in the a.c. permeability, v/hen a 
continuous m.m.f. is also acting on the iron. The hysteresis loop gives 
information on this point better than does the ordinary g-B curve. In 
Fig. 57 are shown the sliapes of hysteresis loops for silicon steel, and two 
grades of Hipernik; tlieir use will be discussed in a following section. 

Continuous Current and Alternating Current Combined.—In many 
of its uses the iron-core coil used in radio is subjected to a comparatively 
large continuous m.m.f. and superim¬ 
posed on this is a small alternating m.m.f. 

This is true, for example, in the plate 
circuit of a vacuum tube and in practi¬ 
cally all of the filter circuits used in 
radio apparatus. 'l'h(‘ plate current of 
a vacuum tulx' amplifiiT might look 
as shown in Fig. 58; the continuous 
component has the am})litude .1 and 
the alternating component the amplitude B. How will the iron core act 
for the alternating component of the plate current? 

A common misunderstanding of this point is indicated in Fig. 59. 
Let us supiKise the continuous current magnetizes the iron up to the point 
A. The alternating compoiamt will then evidently make the iron execute 
a small hysteresis loop about point A. Instead of executing the loop 
C~Bj however, the iron actually follows the loop C'-B\ the slope of 
which is only a small fraction of the slope of the loop C~B. Thus the 
loop C-B might giv(‘ the iron a permeability of 1500, whereas the actual 
loop C' B' gives a permeability of only 500 or less. Furthermore, the 
slope of the loop C'~B' continually decreases as the point moves up. 
the B-II curve. 

In Fig. 60 there are shown three hysteresis loops for ordinar}^ electric 
steel as well as the normal B-ll curve. Now if a continuous m.m.f. 
of magnitude Oa is put on the iron, this is presumably brought to 
point d of its B-H curve; this might be the result of the c.c. 
component of current 4n Fig. 58. Now the effect of the ripple in the 




Zero 


Fig. 58.—The plate current of a 
vacuum-tube amplifier has the 
form shown here. 
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current of Fig. 58 (that is, the a.c. component) is not to make the flux go up 
and down the B-H curve at point d, but rather the flux changes around a 
small hysteresis loop, the slope of which is practically the same as the slope 

of the top of the hysteresis loop due to an 
alternating current of m.m.f. equal to Oa, The 
slope of the. small hysteresis loop, for point d 
^ ^ on the B-H curve, is that of line A-C^ and this 

E determines the effective permeability for the 

/b ripple component of the current in Fig. 58. 

/ If the c.c. component of Fig. 58 is increased 

/ to Oh the ripple will cause the flux to increase 

0 Ma^etizin? force decrease around a small hysteresis loop at 

Fig. 69.—The average per- point c; the effective permeability is now dc- 
meability for the ripple termined by the slope of line DE, And if the 

current of Fig, 47 is de- continuous m.m.f. is increased to Oe the ripple 

termined by the current will make the flux go around a small 

the line not by the • i- u . xi. 

lyjg ^_Q hysteresis loop through point /, having the 

slope FG, Now these slopes are continually 

decreasing, as they go through points higher up the B-ll curve, and none 

of them have nearly the value of the slope of the B-H curve itself; they 

are only a small fraction of this value. Inspection of Fig. 57 shows that 

even hipemik will not show very high 

effective permeability if an appreciable 

continuous m.m.f. is present; the slopes 

of the tops of the hysteresis loops are by 

no means as steep as the B-H curves 

themselves. 

Insofar as the aXithor knows, a 
continuous m.m.f. always decreases the 
permeability for the alternating current; 
the one exception occurs when the iron 
has some remnant flux from a previous 
magnetization. This case is taken up in 
the next section. 

Permeability Affected by Previous 

Magnetization.—It may well be that a 

test shows an increasing a.c. permeability ft*™"* 

, . ” - . . the incremental permeability is 

when a smaU continuous m.m.f. is im- effected by a continuous mag- 

pressed; such a case is shown possible netizing force, 

in Fig. 61. A transformer core of nickel 

steel (composition unknown) was tested for a.c. permeability as the 
continuous current was carried through a whole cycle of values. After 
being thoroughly demagnetized, measurements of permeability were 


Fig. 60.—This diagram shows how 
the incremental permeability is 
affected by a continuous mag¬ 
netizing force. 
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made for increasing continuous m.m.f. up to 20 ampere turns; this 
was decreased to zero and then raised in small steps to 20 ampere 



Fig. 61 . —Experimental values of incremental 
permeability; they depend upon the continu¬ 
ous magnetomotive force acting, as shown 
by this cycle of values. 


Fig. 62.—A.C. permeability depends 
upon the strength of the mag¬ 
netomotive force of the measuring 
current. 


turns in the reversed direction. The measuring current superimposed an 
alternating m.m.f. of 0.1 ampere turn. It will be seen from the curve 
that under certain conditions an impressed continuous m.m.f. would raise 
the a.c. permeability; this probably 
occurs only when the core ha.s resid¬ 
ual magnetization, from previous 
use. 

The same iron core was tested 
for permeability with increasing a.c. 
m.m.f. used in the measuring circuit; 
the results are given in Fig. 62. 

From this pair of curves (Figs. 61 
and 62) it is evident that care must 
be exercised in measuring perme¬ 
ability; it varies greatly with differ¬ 
ing conditions of the test. The 
amount of the variation depends 
upon the iron used. Fig. 63 shows 
the expieriment al results from two PJQ 03 —Cyclical values of incremental 
commercial cores used for audio- permeability for two kinds of steel, 
frequency transformers,undoubtedly 

of entirely different materials. One had a high percentage of nickel, and 
the other was an older iron having probably several per cent of silicon. 
The effect of superimposed continuous m.m.f. in a ring sample of soft iron 



Ampere turna per cm. 
Continuous current 
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(no silicon) is shown in Fig. 64; the coil used in this test had such 
dimensions that the curves for self-induction and permeability are plotted 
to the same scale. 

It is to be noticed that the permeability calculated from results of tests 
such as this gives only an average value. The inner part of the iron ring 
offers a considerably shorter path than the outer part, and hence will have 
much greater flux density. And as permeability depends upon flux den¬ 
sity it is evident that the penneability of the inner part of the iron core will 
be different from that of the outer part. Thus in Fig. 64, the magnetizing 



Fia. 64.—Showing how the permeat)ility, for alternating current, changes as the con¬ 
tinuous magnetizing force is increased. 

force is given in ampere turns per centimeter, using the average diameter 
of 2| in. in calculating the length of the magnetic path. But the inner 
path (diameter = 2 J in.) is 50 per cent le.ss than the outer diameter of 3| 
in. Hence the ampere turns per centimeter for the inner path in the iron 
is 50 per cent greater than that for the outer, and this will result in great 
difference in flux density, and hence greatly different permeability. To 
reduce the effect of this path difference the test specirncm should have a 
radial depth which is small compared to the mean radius of the ring. 

Turner has reported ‘ the results of commercial transformer tests; the 
‘ I.R.E., Oct., 1929, p. 1822. 
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values of self-induction of the primary of an audio-frequency transformer 
are shown in Figs. 65, 66, and 67. The variations in self-induction which 
his tests show are in accordance with the analysis previously given. 

Effect of an Air Gap in the Magnetic Circuit. —If an air gap is intro¬ 
duced into the magnetic circuit of an iron-core coil we know that the self- 



0 2 J 6 8 

Mi!liv.i.ip(.TC3 (a.c.) 


Fio. 65.—Induotanrc of a trans¬ 
former core, for difToront values 
of a.(!. niai^iu'ti; iufi force, with 
various continuous currents flow¬ 
ing in the same winding. 



0 20 40 CO 80 100 120 140 


Microamperes (a.c.) 

Fig. 66. —Action of the transformer 
core of Fig. 05, for weak alternat¬ 
ing currents. 


induction of the coil is diminished. How much it is diminished depends 
upon the (X)mparalive lengths of the air and iron parts of the magnetic 
circuit, and upon the dc'gree of saturation of the iron. The self-induction 
which is diminished is that defined by “ interlinkages per ampere,” and 
the reason for the decrease in this quantity is the increase in the reluctance 
of the magnetic circuit. 

Now it may well be that the intro¬ 
duction of tlie air gap actually increases 
the self-induction of the coil for super¬ 
imposed alternating current, due to the | 
lower degree of saturation brought about k 
by the continuous current. Putting in 
the air gap corresponds to diminishing 
the amporo-turns per centimeter of iron 
of the c.c. magnetizing force and this. 



as shown by inspection of Fig. 64, actually Fig. 67.—Results of Fig. 65 plotted 
raises the effective self-induction for the different manner. 


alternating current. 

In Fig. 68 we have shown the effect of air gaps of different lengths on 
the effective self-induction of a transformer core. It is seen that the effect 
of the air gap may be very beneficial in some circumstances. 

Alternating Currents of Different Frequencies Combined.— It may 
happen that the iron of a magnetic circuit is subjected to magnetizing 
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forces from two sine waves of current at the same time. In general the 
frequencies might have any ratio and the two currents be of any relative 
amplitudes, but the case likely to be of interest in radio is that involving 
a comparatively large current of low frequency with small currents of 
frequency perhaps ten times as much. If the low frequency current is 



Fio. 68. —Putting an air gap in the magnetic circuit may actually increase the per¬ 
meability for the alternating component of the current of Fig. 68. 


not suflScient to saturate the core, the presence of the small high-frequency 
m.m.f. acts to increase the effective permeability for the lower frequency, 
in certain cases as much as four or five times. For larger low-frequency 
currents the effect of the superimposed high-frequency current may be to 
decrease the low-frequency permeability. The energy loss per cycle for 
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the low-frequency current follows changes similar to those mentioned for 
permeability, thus tending to keep the power factor of the coil at the low 
frequency, independent of the high-frequency current. 

The characteristics of the iron for the high-frequency current show 
very peculiar changes, due to the action of the low-frequency currents. 
The permeability of the iron for the high-frequency varies periodically 
with the low-frequency, showing that the iron offers different reluctance 
and hysteresis for the high-frequency, as it is in different portions of its 
low-frequency hysteresis loop. 

Turnei ^ has investigated this effect and a set of results from his paper 
is given in Fig. 69. The bridge in which his high-frequency measurements 




Fig. 69.—The hiKh-frequcncy constants vary throuRhout the low-frequency cycle. 


were made was connected to the test coil for only a very small fraction of 
the period of the 60-cycle wave which kept the iron going through its 
hysteresis cycle. To show how the maxima and minima of hysteresis 
loss and inductance correspond with the parts of the low-frequency hys¬ 
teresis loop a polar diagram is given in Fig. 70. On radii from the center 
of coordinates to the various parts of the hysteresis cycle lengths are taken 
proportional to hysteresis loss and inductance. The envelopes of these 
magnitudes give the curves properly marked in Fig. 70. It can be seen 
from these curves, for example, that minimum hysteresis occurs just 
before the decreasing 60-cycle m.m.f. gets to zero, and that maximum 
inductance occurs just a little later in the cycle. The maximum hysteresis 


^The Physical Review. Jan., 1923. 
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loss occurs when the 60-cycle flux is changing most rapidly, that is, on the 
nearly vertical parts of its hysteresis loop. 

The alloy known as perminvar, described above, is valuable in service 
where two or more frequencies flow at the same time because it reduces the 
likelihood of one channel affecting the perfonnance of another. If, for 
example, the loading coils of a telephone line were made of iron giving the 
performance shown in Figs. 69 and 70, it is evident that the carrier tele¬ 
phone channel would be modulated by the currents of voice frequency 
going over the same wires and these in turn would be modulated by the 
lower-frequency telegraph currents going over the same wires; these 
extra modulations are eliminated if the iron has a constant permeability. 

Formulas for Inductance only 
Approximate.—It is evident, therefore, 
that the /> of a circuit may vary 
with frequency^ current amplitude, 
current distribution, etc., and that 
its changes can best be predicted by 
examining in (‘ach case the distribu¬ 
tion and density of the magnetic field 
produced by 1 ampere of current in 
the circuit; the value of L (in henries) 
of the circuit is ecpial to twice the 
number joules of energy stored in 
this field. Idle d(U‘ivation of the 
amount of the magnetic energy is 
difficult and tedious exc(‘pt in the most 
simple cases; it will not be attempted 
here, but th(' formulas themselves for 
the circuits most gen(*rally used in radio 
work will be giv(*n in comparatively 
simple form, the accuracy being for 
most cases better than 1 per cent. 

They are all based on a unifonn distribution of current in the cross- 
section of the conductor; in case the current is unevenly distributed, due 
to skin effect, etc., hyperbolic functions are generally required for an 
accurate fonnula. 

For exact formulas the student should consult the various publications 
on the subject, notably those of the Bureau of Standards. 

Self-induction of a Single Straight Vertical Wire Distant from All 
Other Conductors.— 


60 cycle flux density Jn "T 
kilo lines per sq. cm. n 

•14 

_ 

Ampere turns 

d 

■10 

( 6(t cycle 
/ hysteresis loop 

per cm..of 

60 cycle / I 
current / 1 

7 

■) . ' 

/N. Polar curve < 
1 resib a 

/ \ 20 kc 

5 1 U 2/1 

['A 

•M 

1/ ' ' ' 

i 


A 

>) 1 

s / 

\y 

-12 

•11 

Polar curve of 
inductance at 

20 kc 


Fig. 70.—Showing how Hv’stercsi.s loss 
and self-imJuction vary at different 
parts of the low-frequency cycle; the 
two function.s are plotted a.s polar 
curves. 


/ 21 


D 


centimeters. 


( 9 ) 
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where J = length of wire in centimeters; 
r = radius of wire in centimeters; 

L = coefficient of self-induction in centimeters; 

= logarithm to the base e, as it is for all the succeeding formulas. 

An interesting concept necessarily follows from the form of this equa¬ 
tion, namely, that two short pieces of wire placed parallel to each other 
and end to end have mutual induction; such an idea would probably not 
be reached from the ordinary viewpoint of mutual induction. Eq. (9) 
makes the self-induction per unit length depend upon the total length of 
the wire, which means that as the total wire is made longer the self- 
induction per unit length is increased. This can be true only if there is 
mutual induction between any one piece of the wire and all others. 

Eq. (9) assumes the material of the wire to have a permeability of 
unity. For uniform current distribution, and permeability differing 
from unity, 

/ 21 

L = 2/^/o(7y—l+^) centimeters, . . (10) 

where /z = the value of the permeability. 

For a Single Horizontal Wire.— 

L = 2 /^/o( 7 ^+^^ centimeters, . . , (11) 


where i = length in centimeters; 

r = radius of wire in centimeters; 

/i = height of wire, above earth, in centimeters. 


For a Single Circular Turn of Round Wire.— 





centimeters, 


. ( 12 ) 


where 7^ = radius of turn, to center of conductor, in centimeters; 
r = radius of cross-section of conductor. 

For a Single Layer Solenoid, Closely Wound.— 

L = 4Tr-R'^nrlK centimeter,.(13) 

where ft = radius of coil, to center of wire, in centimeters; 
ni = number of turns of wire per centimeter length; 

/ = length of winding in centimeters; 

= summation of a certain series, which series depends upon the 
form of the coil. These series have been summed by 
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H. Nagaoka and are given in Table V. The value of K is given 
2R 

in terms of —, i.e., the ratio of the coil diameter to the coil 

t 

length. 


An approximate empirical formula due to Wheeler ^ gives for a single 
layer solenoid, with turns wound close together, 


-rrr microhenries, 

9a+106 


(14) 


in which a = mean radius of coil, in inches; 
6 = length of winding, in inches; 
n = total number of turns. 


Wheeler states that for coils in which b does not exceed 80 per cent of 
a the formula gives results correct to better than 1 per cent. 


TABLE V 


Diameter 

Length 

K 

Diameter 

Length 

K 

0.00 

1.000 

0 95 

0.700 

.05 

0.979 

1.00 

.688 

.10 

.959 

1.10 

.667 

.15 

.939 

1 20 

.648 

.20 

.920 

1.40 

.611 

.25 

.902 

1.60 

.580 

.30 

.884 

1.80 

.551 

.35 

.867 

2.00 

.526 

.40 

.850 

2 50 

.472 

.45 ! 

.834 

3.00 

.429 

.50 

.818 

3 50 ; 

.394 

.55 • 

.803 

4.00 

365 

.60 

.789 

4.50 

.341 

.65 

.775 

5.00 

320 

.70 

.761 

() 00 

.285 

.75 

.748 

7 00 

.258 

.80 

.735 

8.00 

.237 

.85 

.723 

9.00 

.219 

.90 

.711 

10 00 

.203 


The values of K given in Table V assume a current distribution 
uniform throughout the conductor, and so give too large a value of L, 
if, due to skin effect, the current concentrates in the inner side of the 
winding. The decrease in self induction due to this effect is shown in Table 

Oct., 1928, p. 139S. 
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VI, in which are tabulated the experimentally determined inductances 
and resistances of the two edgewise-wound ribbon coils referred to on 
p. 186, and pictured in Fig. 71. It may be found by calculation from the 
figures given that at high frequencies the current is practically concen¬ 
trated in the inner side of the coil. 

Best Form of Solenoid.—It may be seen from a few calculations, 
using Eq. (13), that a given amount of wire, to be wound into a single¬ 
layer solenoid, should have a certain form if the maximum inductance is 
to be obtained. This occurs when the diameter is 2.45 times the coil 
length. The variation of L with departure from this form is not great, 
however; thus if the ratio is made as low as 1.5 or as high as 4.5 the 
decrease in L (for fixed length of wire), is only 3 per cent. 


TABLE VI 

Resistance and Inductance of Edgewise-wound Ribbon Coils 
Coil No. 1 


Frequency in 10 * cycles . 

0.043 

0.088 

0.128 

0.248 

0.338 

0.450 

0.730 

1.250 

3.50 

L in 10 henry. 

489 

485 

482 

476 

472 

470 

466 

464 

1 

460 

R in 10 ohm. 

13 

15 

19 

26 

31 

36 

46 

72 

176 

Frequency in 10 * cycles . 

7.00 

16 4 

25 2 ■ 

50.0 

75.0 

100 

125 

150 

L in 10 henrv. 

458 

455 

452 1 

451 

454 

457 

456 

460 

R in 10 ■* ohm. 

295 

725 

945 

1345 

1775 

2205 

2745 

3440 


Coil No. 2 


Frequency in 10’ cycles . 

0.043 

0.100 

0.150 

0.200 

0.300( 

3.400 

0.600 

1.000 

1.60 

2 44 

h in 10 henry. 

613 

608 

604 

602 

598 

595 

592 

585 

585 

583 


R in 10 ~* ohm. 

23 

25 

26 

30 

40 

45 

49 

70 

100 

145 


Frequency in 10’ cycles . 

3 50 

6.46 

15.3 

21.5 

50 

75 

100 

125 

150 

L in 10 "*® henry. 

581 

578 

574 

572 

570 

568 

568 

570 

572 


R in 10 "* ohm. 

245 

495 

1095 

1345 

2640 

2940 

3730 

6280 

7860 
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Two-layer solenoids, one layer 
feasible for radio work, as the in¬ 
ternal capacity is so high. Two- 
layer coils are sometimes used, 
however, the turns being arranged 
in a so-called banked ” winding. 
Multi-layer coils are, however, 
preferable, but they must be built 
in such a way as to keep the 
internal capacity low, as shown in 
Fig. 20, p. 186. 

Inductances of a Flat Spiral, 
of Ribbon Conductors, Wound 
Flatwise, Turns Close Together.— 


wound directly on the other, are not 



Fig. 73.—Inductance of a spiral similar to 
that shown in Fig. 72. 


ocntlmelers, (15) 

where R = mem radius of coil (see Fig. 72); 
n = total number of turns; 

6 = width of strip = axial length of coil; 
d = radial depth of coil = outside radius — inside radius. 

Cl and Co are constants depending on the shape of the spiral for their 
values. They are given in Table VII. 


TABLE VII 


Constants Ci and C 2 for Eq. (15) 


h 

Ratio - 
d 

Cl 

C 2 

0 00 

0 500 

0.125 

.05 

549 

.127 

.10 

.592 

.133 

.15 

.031 

.142 

.20 

.005 

.155 


Eq. (15) gives incorrect values if the turns are not close together; 
the values obtained from the equation must be decreased as much as 5 
per cent for the spacing used in ordinary transmitting coils in spiral form. 
Fig. 73 shows how the value of L for a given spiral varies with the numl^er 
of turns used 
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It is interesting to note that the same length of wire will give about 
the same inductance whether wound into a flat spiral or a single-layer sole¬ 
noid, provided that the mean radius of the spiral has the same value as 
the radius of the solenoid. 



Toroid 

Fig. 74.—Toroidal coil of rectangular cross-section. 


Toroidal Coil of Rectangular Cross-section. (Fig. 74.)— 



Torus 

Fig. 76.—Toroidal coil of circular cross-section. 


where n=total number of turns; 
I«axial length of coil; 
ii 2 = outer radius; 

R] dinner radius. 
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Toroidal Coil of Circular Cross-section (Toms). (Fig. 75.)— 

L = 47rn2 {R — — r^) centimeter, .... (17) 


where n=total number of turns; 

72 = mean radius of ring; 
r = radius of cross-section of winding. 

The great advantage of a toroidal coil 
is that it has practically no external mag¬ 
netic field and so gives but little mutual 
induction with other circuits. Also a toroidal 
coil will, for similar reasons, not be affected 
by mutual induction from other circuits or 
sources. Used as a tuning coil in a receiving 
set it will not pick up any strays or other 
disturbing fields unless they be of excessively 
short wave length. 

Single-layer Square Coil. (Fig. 76.)— 


-CL- 



Fig. 76.—Single-layer square coil, 
such as is used for a coil 
antenna. 


L = 


log 7+0.726+0.223 - 
0 a. 


— San[A+B] centimeters, 


(18) 


in which a = side of square, measured to center of wire; 
n = number of turns; 

6 = axial length of coil = (n — l)D; 

D —pitch of winding, center to center (to be used in getting A 
and B from the following tables). 

A and B are constants depending upon number of turns, pitch, etc., 
and are given in Tables VIII and IX, d being the diameter of the wire 


TABLE VIII 


TABLE IX 


Number of 
Turns, n 

B 

1 

0 000 

2 

.114 

3 

.166 

4 

.197 

6 

.233 

8 

.253 

10 

.266 

20 

.297 

40 

.316 

60 

.322 

100 

.328 


d 

D 

A 

d 

D 

A 

1.00 

4 - 0.557 

0.18 

1.16 

0.90 

.452 

.16 

1.28 

80 

.334 



.70 

.200 

.14 

1 41 

.60 

4 - .046 

.12 

1.56 

.60 

- .136 

.10 

1.76 

.40 

.356 

.08 

1 97 

.35 

.443 

.06 

2.26 

.30 

.647 

.04 

2.66 

.26 

.830 

.02 

3.36 

.20 

1.05 
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used. Coils wound with rectangular conductor have slightly different 
constants than those given in the Tables on p. 229. 

Flat Square Coil. (Fig. 77.)— 

For this case Eq. (18) is applicable providing a is taken as oo — (n~ l)D 

where ao = side of square, outside wire; 
n = number of turns; 

D = distance between turns, center to center. 

The value of b is obtained from the depth of the winding, i.e., it is 
equal to (n —1)Z). 


Fig. 77.—Flat square coil, used as coil antenna for 
short wave-lengths. 



Fig. 78. — Multi-layer 
coil of rectangular 
cross-section; the 
cross-hatched area 
shows the cross-sec¬ 
tion of the winding. 


Multi-layer Coils of Rectangular Cross-section.^ (Fig. 78.)— 

r'F" centimeters,.(19) 

where /E = mean radius of coil in centimeters; 
n = total number of turns in coil; 
b = axial length of coil; 

< = radial depth of winding. 

* An excellent article on the design of multi-layer coils was published in Univ. of 
Califoniia Publications in Engineering, Vol. 147, by F. E. Pemot. 
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F' and F" are correction factors 


m+m+2R 

m+lOJt+lAR 


F" = 0.5 



14i^+7A 
25 + 3 ^ / 


For accurate results with this formula the distance between wires 
must be small compared to the diameter of the wire. 

Hazeltinc has devised an empirical formula for multi-layer coils of 
rectangular cross-section, somewhat simpler than that given in Eq. (19). 
It is 


6/^--f'96-f“ 19^ 


microhenries 


. . ( 20 ) 


in which n = total number of turns; 

R — imKin radius, in inches; 

6 = axial length of coil, in inches; 
^ = radial depth of coil, in inches. 



Fig. 79.—Honeycoml)'’ construction of multi-layer coil. 


For coil forms giving approximately equal values for each of the terms 
of the denominator this formula is said to be good to better than 1 per cent. 

A multi-layer coil of very ingenious construction is being made at pres¬ 
ent, using a so-called honeycomb construction. A picture of such a coil 
is shown in Fig. 79. The coil is self-supporting, in this respect being 
superior to the multi-layer coils described on p. 183, and although its in¬ 
ternal capacity is greater than that of the type shown in Fig. 20, it is still 
sufficiently low to make it an excellent coil for radio circuits, especially 
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those calling for many millihenries of inductance. The constants of one 
of these coils are shown in Table X. 


TABLE X 

Constants of a Honeycomb Coil. 


Frequency in 1(F 
Cycles 

R in Ohms 

L in 10 Henries 

Ueactiince Divided by 
Resistance 

0 

9.39 



26.5 

12 4 

17.75 

238 

53 

23 8 

17.85 

250 

79.5 

53.0 

18.70 

176 

lot) 

102.0 

20.25 

120 


The dimensions of this coil wore internal diameter = 5 cm., external 
diameter =10 cm., cross-section of winding 2.5 cm. by 2.5 cm. 

Most Efficient Form of Coil.—For a given length of wire it will be 
found that a certain form of coil gives a maximum inductance. Brooks 
and Turner have compiled a table to bring out the idea and some of their 
data is given in Table XL In this table are shown constants of practically 
any form of coil into which the given length of wire could be wound. 

TABLE XI 

Inductance in Millihenries of 52.4 Feet of Magnet Wire 0.1 in. in Outside 
Diameter (Small Nc. 11 d.c.c.) Wound into Cylindrical Coils of Various 
Forms as Indicated. 

' (Dimensions are in Inches) 


Description 

Num- 
1 her of 
j Layers 

I'otal 

Turns 

Mean 

Radiu.s 

Length 
of Coil 

Thick¬ 

ness 

Outside 

Radius 

Induct¬ 
ance in 
Milli¬ 
henries 

Per 

Cent of 
Maxi¬ 
mum 

Spaced solenoid. 

1 

! 80 

1.25 

16 0 

0 1 

1.3 

0 058 

17 

Solenoid. 

1 

80 

1 25 

8 0 

0 1 

1.3 

.108 

33 

Double-layer solenoid. 

2 

80 

1 25 

4 0 

0 2 

1.351 

.186 

56 

Thick tube. 

4 

80 

1.25 

2.0 

0.4 

1.45 

.279 

84 

Compact. 

8 

80 

1 25 

1.0 

0 8 

1.65 

331 

100 

Thick disc. 

16 

80 

• 1 25 

0.5 

1.6 

2 05 

.289 

87 

Thick disc.!. 

10 

50 

2 0 

0 5 

1.0 

2 5 

.301 

91 

Square section ring. 

5 

25 

4 0 

0.5 

0.5 

4.25 

.244 

74 

Flat ring. 

4 

8 

12.5 

0.2 

0.4 

12.7 

.119 

36 

Thin disc. 

2 

2 

50.0 

0.1 

0.2 

50.1 

.042 

13 

Single turn. 

1 

1 

100 0 

0.1 

0 1 

100.0 

.026 

8 
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As the same length of wire is used in all these coils their c.c. resistances 
are all the same. It would seem then that the single-layer solenoid is 
only 33 per cent as good as a banked coil having eight layers. 

However, it must be remembered that the a.c. resistance is generally 
much greater (at radio frequencies) than the C;C. resistance, and that this 
increase in resistance is greater as the coil is more compact. This effect is 
well brought out in Tables II and III, which indicate that a coil of No. 
12 wire, single layer, increases its resistance 12 times in the frequency 
range from zero to 150 kc., whereas a square section coil (10 layers) of the 
same wire, in the same frequency range, increases its resistance 170 
times. 

With this idea in mind we must conclude that the ratio of reactance to 
resistance (which is really the figure of merit for a radio coil) would prob¬ 
ably be better for the single-layer solenoid than for the compact coil. This 
serves well to illustrate the fact that simple apparatus may behave quite 
differently at radio frequency than it does when continuous current is 
flowing through it. 

Variable Inductances.—It is many times desirable to have a continu¬ 
ously variable inductance for tuning a circuit; two such types have been 
used, one a long solenoid with a sliding contact and the other a pair of 
coils connected in series, one rotatable inside the other, an inductance of 
this type being generally styled a variometer. 

The solenoid with sliding contact is not good, because the sliding 
contact frequently lies on two turns at the same time, thus producing a 
short-circuited turn, decreasing very appreciably the self-induction from 
its proper value for the position of the contact, and, due to the current 
in the short-circuited turn, increasing the effective resistance of the coil. 
Also there is not much useful variation of inductance obtainable by this 
method; for long solenoids the value of L increases with the first power 
of the length only and the coil cannot be used effectively with the con¬ 
tact set to connect in only a small portion of the coil because of the losses 
occurring in the long unused portion. This part of the coil (generally 
called a “ dead end ") is excited like the secondary of a step-up auto trans¬ 
former; the charging current circulating in the dead end produces losses 
and so increases the effective resistance of that part of the coil which is 
used. Long solenoids intended to be used in steps should be dmded up 
into a number of completely insulated sections, these being connected in 
series as required. 

The variometer type of inductance is very convenient and useful, it 
being continously variable; the calibration curve of such an inductance 
is shown in Fig. 80, from which the probable range in inductance can be 
seen. If the ends of the stationary coil and rotating coil are brought 
out to separate terminals, the combination forms a very convenient 
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scheme of magnetically coupling two independent circuits, a so-called 
** coupler/’ 

A rather convenient scheme (even though somewhat inefficient) for 
making a continuously variable inductance out of a short solenoid, is to 
fix a copper disc on a shaft inside the solenoid, so that the axis of the disc 
may be made parallel or not to that of the coil. The eddy currents in the 

disc, with parallel axes, will very 
materially reduce the inductance 
of the solenoid. 

The effect of such a solid disc 
placed inside a short solenoid is 
given in Table XII. The coil was 
a single-layer solenoid 12 cm. in 
diarneterandof 2 cm. axial length; 
the various discs were 11 cm. 
diameter and were placed inside 
the coil, centrally, with the plane 
of the disc perpendicular to the 
axis of the coil. It is evident 
that a copper disc very materially 
affects the inductance without prohibitive increase in resistance. By 
having the plane of the disc rotatable this scheme of varying the induc¬ 
tance of a coil may be useful, e.g., in heterodyne reception, where but 
slight changes in inductance are desired (to change signal note), and an 
increase in resistance of the coil is not of serious consequence. 



Fio. 80.—Calibration curve of a variable in¬ 
ductance commonly known as a variometer. 


TABLE XII 

Effect of Metal Disc In.side Solenoid 



Coil Alone 

i‘ 4 -In. Copper 
I>i«o 

BriiM 

^,-In. 

Brafln 

1 i*j-In. Tinned 
Iron 

Frequency in 
Kilocycles 











L 10 3 
Henry 

a 

Ohm« 

I. 

R 

L 

R 

L 

1 

R 


R 

1 

1 OtK) 

3 03 

0.807 

3 49 

0.895 

3 77 

1.025 

3.53 

1 055 

3 25 

6.35 

1.052 

3.20 

0.762 

4.18 

0.785 

5 13 

0.870 

6.40 

0.970 

6.40 

50 

1.058 

3.35 

0.751 

5.79 

0 756 

8.13 

0.783 

12.6 

0 865 

18.6 

149 

1.092 

5.08 

0.760 

9.17 

0.765 

13.5 

0.792 

17.8 

0.861 

44.3 


This method of varying a self-induction is frequently used in tuning the 
antenna and other circuits of a short-wave transmitting set. 
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The best adjustable inductance is a multi-layer coil, with each layer 
(or every other one after the first four perhaps) separate from the others, 
equipped with the proper switch to connect in the circuit as many layers 
as desired. 


MUTUAL INDUCTION 


Mutual Induction. —The coefficient of mutual induction of two coils 
may be expressed in terms of energy in the same way as is self-induction. 
If two coils, so situated with respect to one another that part of the mag¬ 
netic field of each is linked with the other, arc connected electrically in 
series in such a way that their m.m.f.s add, the total energy associated 
with the magnetic field of the circuit is \P{L\+L 2 ']r 2 M) and if the 
electrical connection is reversed, it is \P(Li+L 2 — 2M). Any change in 
the circuit which changes that portion gf the magnetic energy due to M has 
a corresponding effect on the value of M. The value of M may also be 
considered as fixed by the voltage induced in one coil by current in the 
other as given in Eq. (6), Chapter 1. 

The M of the two coils is determined by their relative position; it 
may be changed, however, even if the rela¬ 
tive position of the two coils stays fixed, if a 
third circuit is brought into the mutual field 
of the two coils. Thus two equal coaxial 
coils, placed with their ends close together 
may have a value of M about 0.7 as large as 
Li, but if a copper sheet is inserted between 
the two coils the value of M as defined by 
lup (6) of Chapter I may be brought nearly 
to zero at high frequencies. 

The values of M for a few ordinary arrange¬ 
ments arc given below, the formulas being 
approximations as were those for L, the values obtained from the 
formulas being accurate to better than 1 per cent in most of the cases. 

Two Single Turns, Coaxial. (Fig. 81.)— 


JL 


Fig. 81.—Cross-sect ion through 
two single turns placeii co¬ 
axially. 


M = 47r\//e7«2|% 
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centimeters. (21) 
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When the circles have nearly the same radii and the distance between 
coils is small compared to the radius, the simpler form may be used, 

3/= 47r/f 1 2^ centimeters, .... (22) 

in which Ri = radius of smaller circle. 

Experimental results showing how M varies for the case shown in 
Fig. 81 are shown in Fig. 82. I'he coils used were not actually single 
turns, but the cross-section of the winding was so small compared with 
the radius of the coil that they approximated single turns geometrically. 






Separation 


Fig. 82.—Variation in mutual inductance of two coaxial coils with separation; the two 
coils apiiroximated single turns. 


Mutual Induction of Two Coaxial, Circular Coils of Rectangular Cross- 
section (Fig. An approximate formula for this case (error for most 

practical cases less than 1 per cent) is 


M ^NxNzMi) centimeters, 


(23) 



Central turni) 

Fig. 83. — Two coaxial 
multi-layer coils. 


where Mo is the mutual induction between the 
central turns of the two coils (by Eq. (21)). The 
curves of Figs. 84 and 85 show the experimentally 
determined values of M for two typical cases. 

Mutual Induction of Two Coaxial Solenoids.— 
The formulas to cover the various cases which 
may arise in this class are long; the reader is 
referred to the Bureau of Standards Bulletin No. 
74 for discussion of the case. In Fig. 86 are 
shown, however, three curves for coils of differ- 
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ent dimensions; from these curves M for other shaped coils can be 
approximated. 



Fia. 34.—Variation of mutual inductance of two multi-layer circular, coaxial coils; 
8ei)aration measured between nearest sides. 


Mutual Induction of Two Overhead Parallel Wires, Grounded, at Same 
Height from Ground.— 


= / log 



centimeters, 


(24) 



Fig. 85.—Variation in mutual induction of two multi-layer circular, coaxieV 

telescoping coils. 

where d = separation of the two wires; 

height of wires above ground (same units as d); 
f “length of one \fire in centimeters. 
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Self-induction of a Two-wire Antenna, Made Up of Two Parallel 
Wires at Same Height from Grotmd.— 


L' = 


L+M 
2 ' 


(25) 


L' = inductance of the antenna; 

L = self-induction of one wire by Eq. (11); 

3/= mutual induction of the two wires by Eq. (24). 



Fig. 86.—Variation in mutual induction of various single-layer solenoids placed coaxially. 

Mutual Induction between Two Concentric Coils, as One Rotates 

(Fig. 87).—This combination of coils is frequently used in radio work, 
either to make a variable self-inductance or to couple two circuits together. 
The exact expression for M has not been calculated, but an experimentally 
determined value of M for a certain combination is shown in Fig. 87. 
In case the two coils are connected in series the self-induction of the com¬ 
bination is Li+L 2±2A/. In such variable inductances it is feasible to 
get a maximum value of L about 12 times as large as the minimum value 
of L. This range is determined by the manner in which the coils are 
fitted into one another. When both coils are wound in straight cylin¬ 
drical form (short solenoids) the range in L will not be as great as when 
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both coils are wound on spherical surfaces, making a closer fit possible. 
A typical calibration of such an inductance is given in Fig. 80, the form 
of the coils being shown on the curve sheet. 


Mutual Induction between 
Two Coaxial Spirals. —A tedious 
calculation is necessary to calcu¬ 
late the value of M for two flat 
spirals arranged coaxially, but an 
idea of what may be expected is 
indicated in the experimentally 
determined curves of Fig. 88. 

Two-ribbon-wound spirals of 
the dimensions given on the curve 
sheet were used; the numb<T of 
turns in one spiral was fixed at 
12, while the sliding contact on 
the other was used to vary its 



0 10 20 30 40 50 60 70 80 90 

Value of angle Q , in degrees 


iMG. 87.—Mutual inductance of two coils, one 
rotating inside the other. 


number of turns as indicated on the curve sheet—the value of M was 


measured for various separations of the two spirals. The results shown 



Number of turns 


Fig. 88.—Mutual induction of the two flat spiral coils of an oscillation transformer. 


in Fig. 82 indicate the higher values of coupling obtainable when the 
radial depth of the winding of the spiral is smaller. 

A Peculiar Case of Mutual Induction. —The fundamental idea of 
mutual induction is thjut involving a rate of change of a magnetic field. 
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If a magnetic circuit set up by one circuit links with another, and the cur¬ 
rent in the first circuit varies, it follows that the magnetic field varies, and 
the variation is what gives the e.m.f. of mutual induction in the second. 
We would judge then that no voltage could be induced in a conductor if 
it was lying in a place where there is no magnetic field, but in certain cases 
this idea results in incorrect conclusions. 

Let us consider the case of a wire lying axially in a tubular conductor, 
such as the wire of an ocean cable and its metallic sheath. Let us suppose 
the sheath is a continuous homogeneous tube, as indicated in Fig. 89. If 
an alternating current is sent through conductor will it induce a voltage 
in sheath A? Certainly the sheath A will lie in the changing field due to 
current in B, and this changing field will induce a voltage in A. If the 
resistance of B is small compared to its reactance, then the voltage induced 
in the sheath will be in the opposite direction to that impressed on con¬ 
ductor B, That is, if the voltage impressed on B is from left to right (Fig. 
89), then the voltage set up in the sheath due to mutual induction, will be 
from right to left, 180^ out of phase, as is the case with the secondary and 
primary of the ordinary transformer. If the resistance of B is high, the 
voltage in the sheath will lag only slightly more than 90° behind the 
voltage impressed on B. 

Now if an alternating current is flowing in the sheath, will a voltage 
be set up in conductor B'l If we remember that M is not a one-way 
characteristic, we must conclude that such a voltage will be set up. How¬ 
ever, when we try to visualize the 
changing magnetic field which induces 
the voltage in B, we are in trouble. 

A uniform current (unifonn in 
distribution around the periphery) 
flowing in a tubular conductor sets up 
Fig. 89. — Representing a wire in a tubu- magnetic field inside the tube. If 
lar conductor, such as an ocean cable, we put a compass needle inside a 

tubular conductor carrying very large 
currents, it indicates no magnetic field whatsoever due to this current. So 
that conductor B is in a region of no magnetic field, yet when the current 
in A varies it does set up a voltage in this conductor B. 

Mutual Induction from Electron Viewpoint. —The above anomaly 
can be cleared up by getting a more detailed picture of the phenomena of 
self- and mutual induction. We must endow each electron with a radially 
distributed electric field, this field being merely a condition in space which 
tends to make other electrons move in the direction of the lines by which 
we represent the field. 

Now the only force which can make an electron move is that due to 
the fields of other electrons. A magnet exerts no force on a stationary 
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electron, and it is easy to believe that if a magnetic field itself exerts no 
force on the electron, then a moving magnetic field can exert no force on 
an electron, unless this moving magnetic field sets up an electric field and 
this, it seems, is the fact. An electromagnetic field is an electric field in 
motion, and nothing but this. When the electrons in a conductor start to 
drift along a conductor (that is, the conductor is carrying current), then 
fields move along with them and it is this moving electric field which we 
denote as the magnetic field surrounding a conductor carrying current. 

If an electron accelerates (current in the conductor changes), there ia 
a kink sent out on the electron's field, which is depicted in elementary 
fashion in Fig. 90. In (a) the electron is at rest and in (6) it is being accelo' 
rated to the right. Now any change in the eonfiguration in the field of 
the electron means a transfer of energy, and energy cannot travel at infinite 
velocity. Energy, when in the form of an electric field in free space, 
travels with the velocity of light, and so the kink in the electron's field. 



Fig. 90(6), brought about by its acceleration, travels out with the velocity 
of light. In Fig, 90(c) the electron has again been brought to rest, and 
its field again becomes of imifomi radial distribution, but the kink w’hich 
was produced by the acceleration keeps moving outward with the velocity 
of light. This energy will travel outward forever as radiated energy. 

Now we apply this idea of the behavior of an electron's field to the 
conductor of Fig. 89. In Fig. 91 we have shown a cross-section of the 
conductor and its sheath with three electrons, two in the sheath and one 
in the conductor. The two electrons a and 6 nonnally exert no net force 
on electron c, because these forces are equal and opposite. 

But at the instant considered these two electrons have been accelerated, 
from left to right, and a kink has started to travel outwards over their 
respective fields. These two kinks are shown as having arrived at elec¬ 
tron c, and it is now evident that at this instant electron c will be urged 
towards the left, and it is this effect, of the distorted electric fields, that 
we call the e.m.f. of njutual induction. 
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Granted that a magnetic field is an electric field in motion, it becomes 
evident from the picture of Fig. 91 why there is no magnetic field inside 
a tubular conductor. Suppose there is no acceleration, but a uniform 
motion of electrons a and 6. Inside the tube their fields will have no 
kinks, but their radial fields will be moving slowly from left to right. 
Each electric field will set up its own magnetic field (we may say), but as 
the two electric fields are in opposite directions, and moving in the same 
direction, the two magnetic fields will be just opposite to each other and 
so neutralize. 

Whereas we have considered only two electrons in the tubular conductor 
all the others may evidently be considered in pairs, so we reach the same 

conclusion for the whole conductor 
as we reached above for one pair of 
electrons. 

Electric and Magnetic Fields 
Acting Together.—If a student relies 
upon the foregoing ideas about mu¬ 
tual induction, when making meas¬ 
urements at radio frequencies, he 
will arrive at some results which seem 
to be absurd. Thus the arrangement 
of coils given in Fig. 87 is frequently 
u.sed for coupling one circuit to 
another, and such an arrangement 
gives zero mutual induction when 
the coils are at right angles. This 
follows from elementary ideas re¬ 
garding magnetic fields, as w^dl as 
such curves as those givi*n in Fig. 87. 

Now it will be found in radio 
measurement t hat current will be set 
up in the second circuit when the coupler (as the arrangement of coils is 
called) has its coils at right arigles; this uncxfX'cted current, liowever, can 
be brought to zero by actually turning the rotatable coil past its 90° posi¬ 
tion, thus giving some mutual induction according to Fig. 87. 

This anomalous situation is brought about by the capacitive coupling, 
which exists between the two circuits because of the proximity of the two 
coils of the coupler. The capacitive coupling exists even though the two 
coils arc at 90°; tb offset the e.m.f. due to this capacitive coupling a reversed 
magnetic coupling must be introduced. The amount of the reversed 
mutual induction required varies with the actual fonn of the coupler coils, 
but is frequently as high as 10°. 



Fio. 91.—The mutdal infhietion of the ar- 
ran< 2 ;ement of Fij'. 89 ran he explained 
with the help of Fij^. (X). 
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CAPACITY 

General Idea of Capacity. —The electrostatic capacity of a body may 
be thought of either in terms of the quantity of electricity stored for 
a given potential difference between the two surfaces constituting the 
condenser or in terms of the energy in the electrostatic field, the value 
of this capacity, in farads, being equal to twice the energy of the field, 
measured in joules, when the potential difference is 1 volt. 

There may be still another idea of capacity when looking at a circuit 
from the standpoint of electrical reactions, just as there is for inductance 
and resistance. When a current flows in a circuit the circuit will generate 
counter forces called reacting forces or reactions. If the current flowing 
is 1 ampere the amount of reacting force set up in phase opposition to 
the current, in volts, is the resistance of the circuit in ohms—the reacting 
force set up in phase with the current is the negative resistance of the cir¬ 
cuit, the reacting force set up 90° behind the current is the inductance 
reaction in volts, and the reacting force set up 90° ahead of the current 
is the capacity reaction. The capacity and inductance are calculated 

from their respective reactances, - and 27r/L, / being known. The reac- 

ZirfL/ 

tions may be caused by ordinary coils, condensers, and wires, but it must be 
remembered that in special cases a circuit may give capacity reaction when 
there are no condensers, and it may give inductance reaction when there 
are no coils present. I'hus an overexcited synchronous motor is electrically 
equivalent to a condenser; a tuned electrostatic telephone when excited 
at certain frequencies develops (due to its motion) an inductance reaction, 
and there are no coils used in the telephone. 

It must also be remembered that the capacity of a body in general 
changes with the freqiiency. Not only does the viscous action of the 
dielectric decrease the effective spt'cific inductive capacity constant as 
the frecpiency is increased, but in many circuits, the capacity of which 
is under consideration, the potential distribution changes with frequency, 
and as the electrostatic energy (hence capacity) depends upon the potential 
distribution, the capacity may be exjx'cted to change with frequency. 

The formulas given herewith are good only for stationary charges; if 
the circuit considered is electrically long, the values obtained from these 
formulas are not correct except at very low frequencies. The capacity 
calculated from these formulas is in centimeters; to change to micro- 
microfarads (mm/) the values obtained must be divided by 0.9 and to get 
milli-microfarads the values must be divided by 900. Where the abbrevi¬ 
ation log is used the natural logarithm (to base e) is intended. 
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Capacity of a Conducting, Isolated, Sphere in Air.— 

C = r centimeters,.(26) 

where r = radius of sphere in centimeters. 

Capacity of Two Flat, Circular Parallel Plates in Air.— 

^ r-’f d/ mirid+t) t d+t M 

C = —centimeters, . (27) 

where r = radius of plates in centimeters; 

/ = thickness of plates in centimeters; 
d = separation of plates in centimeters. 

Capacity of Two Flat Plates (Approximate Formula).— 

KA 

C = —r centimeters,.(28) 

4ird 

where AT = specific inductive capacity of dielectric; 

A = area of one side of one plate in square centimeters: 
d = separation of plates in centimeters. 

Single Vertical Wire, Proximity to Earth Neglected.— 

I 

C =- j centimeters,.(29) 

2 log- 
r 

where I = length in centimeters; 
r = radius in centimeters. 

In several experiments with the lower end of the wire close to the 
earth, the measured capacity exceeded that calculated from the formula 
by about 10 per cent. 

Single Horizontal Wire, Earth for Other Plate.— 

I 

C =-— centimeters,.(30) 

^ , 2/1 

2 log — 
r 

where Z = length of wire in centimeters; 
h = height of wire above earth; 
r = radius of wire, same units as used for h. 

This formula assumes that the charge in the wire distributes itself uniformly 
over the periphery. Actually the lower side of the wire has a slightly 







MUTUAL CAPACITY OF TWO HORIZONTAL WIRES 


245 


greater density of charge than the upper side, resulting in a formula in 
hyperbolic functions. 



2 cosh'^ - 
r 


centimeters, 


(31) 


When /i/r = 5 Formula (31) gives a result 15 per cent greater than does 
(30). For greater values of hjr the discrepancy between the two is less. 
In general, whenever two wires are so close together that the separation 
is not more than 5 times their diameter, hyperbolic functions are required 
for precise results, rather than the ordinary logarithmic formulas, for either 
the inductance or capacity. In practice the ratio of hjr is much greater 
than 5 except for one or two cases, such as the wires of a telephone cable, etc. 

Mutual Capacity of Two Horizontal Wires, Such as Two Wires of 
an Antenna.— 



where Z = length of one wire; 

/i = height of each wire; 
r = radius of wire; 
d = distance between wires. 


The mutual capacity is not the same as the capacity of the two wires 
regarded as the two plates of a condenser, one charged positively while 
the other is charged negatively. It really represents a decrease in the 
capacity of one of the wires with resj^ect to earth caused by the presence 


of the field of the other. In 
Fig. 92 this point is illus¬ 
trated; the normal field of 
wire a to earth is shown by 
the full lines and that of wire 
h is shown by dotted lines, 
and it is evident that the two 
fields overlap. The total 
capacity of these two wires, 
to earth, is diminished to 
some extent by this over- 



Earth 

Fia. 92.—Diagram illustrating the “overlapping” 
of the electric fields of two antenna wires. 


lapping of the two individual fields, and a mesisure of the decrease in 


capacity is given by the value of C from Eq. (32). 
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Capacity of Two Horizontal Overhead Wires with Respect to Each 
Other. —This is the case of using the two wires of Fig. 92, one as one side 
of a condenser and the other one for the other side of the condenser. 

C — -centimeters,.(33) 

(I 

4 log - - 

/• 


where Z = length of one wire in centimeter; 
d = separation of the two wires; 

/•== radius of the wire in same units as d. 


This formula supposes the distance between the wires is small compared to 
the height above the earth; for wires close to the earth, compared to their 
separation, this formula gives values of C too low. 

Capacity of Two-wire Antenna. —This is the case of the two wires of 
Fig. 92 being connected together and their capacity with respect to (\‘irth 
being determined. It is equal to twice the capacity of one wire with 
respect to ground (Eq. (30)) diminished by the mutual capacity of the two 
wires (Eq. (32)). 

In case the two wires are far apart the value of capacity is twice that 
of one ware, and as the wires approach each other the capacity decreases, 
until when the tw’o wares touch, their combined capacity is not greatly 
in excess of that of a single wire. 

It is interesting to note that the self-induction of a pair of wires (the 
two wires of an antenna, for exainpl(') increases as the wires approach, 
whereas the capacity of the pair diminishes. In fact the variation is 
nearly reciprocal, so that the product of L and C of tlu‘ pair is inde{xmdent 
of the spacing of the tw;o wirt^s. 

The foregoing formulas fcT capacity of wires with respect to earth are 
not ver>^ accurate, not being correct( h 1 for (md etT(‘cts, (*tc. It do(\s not 
seem w'orth while to use luovo elaborate h)rmulas, however, because the 
presence of foreign bodies in the electrostatic fields of antimnas, such as 
trees, masts, stays, etc., influences the value of capacity to a large extent. 
Also the height of a wire is ambiguous; this height is really to be measured 
to conducting earth (wet) and the height of the wires above wet earth 
may not be easy to determine. 

Recently Austin ^ has given an empirical formula for the capacity 
of an antenna, the formula apparently being fairly accurate (say within 
10 per cent) for any ordinary form of antenna. It is 


C = ^30A/i4 + 7.97^^ centimeters. 


(34) 


^ Louis W. Austin, “Calculation of Antenna Capacity,^' Proc. I.R.E., Vol. 8, No. 2. 
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where A = area of the antenna in square meters; 

h = mean height of the antenna, in meters. 


In case the length of the antenna is more than eight times the breadth 
a slight additional correction is necessary, this increase being equal to 


length 

breadth 


X 1.4 per cent. 


In calculating Ay the length of the antenna is multiplied by its breadth, 
the area thus obtained being of course much greater than the actual 
surface of the antenna wires. With the ordinary antenna a spacing of 
one meter between wires will give a capacity about 90 per cent of that 
which would be obtained if sufficient wires were used to completely fill 
the space occupied by the antenna, so that neighboring wires touched 
each other. 


Capacity of a Multiplate Condenser.— 


/wl(;/-l) 


centimeters, 


. (35) 


where A =area of one side of one plate in square centimeters; 
7? = total number of plates; 
d = separation of plates in centimeters; 

X = specific inductive capacity of dielectric. 


Various Forms of Variable Condenser.—It is in general more con¬ 
venient to make a condenser continuously variable than to make an 
inductance of that kind, hence the tuning of a radio circuit is generally 
accomplished by using fixed steps of inductances and a continuously vari¬ 
able condenser, "rhese variable condensers are made with either sliding 
plates, one set of plates moving in grooves in insulating blocks, or with 
rotating plates, one set of plates being mounted on a shaft. 

If th(* sliding plates are rectangular (and move parallel to one side) 
or the rotating plates are circular (with shaft on which they rotate in the 
center), then the amount of capacity in the condenser will vary directly 
with the amount of movement (sliding or rotation) of the moving plates 
and the calibration curve will ho a straight line. This straight line wdll 
not pass through the zero-zero point, because even with zero scale setting 
there is still an appreciable capacity in the condenser. 

It is many times convenient to have the capacity vary with the setting 
to some other power than tJhe first; thus if it is used in a wave meter 
it is convenient to have the capacity vary as the square of the setting and 
the wave-length scale will then be a straight line. For other purposes 
it is convenient to have a logarithmically varying capacity so that a scale 
division everywhere represents the same percentage change in capacity. 
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Both of these variations of capacity are obtainable in rotating plate 
condensers by properly shaping the rotating plates and suitably placing 
the shaft in which they turn. 

Two typical calibration curves are shown in Fig. 93, for semicircular 
plates with central shaft, and for specially formed plates, with displaced 
shaft. In the first the capacity varies directly as the angle of the movable 
plates and in the second the scale reading is proportional to the logarithm 
of the capacity. 

Special Forms of Variable Condensers.—A variable condenser in 
which the capacity increases linearly with the displacement of the movable 
plates, such as the curve marked 1 in Fig. 93, is not of the best form for 
use in radio circuits. As a laboratory standard it is suitable, but for most 
radio purposes the capacity of the condenser should vary with the dis¬ 
placement to some power other 
than the first. 

In a special form of wave 
meter, called a decremeter, it is 
desirable to have the capacity 
vary with the displacement in 
such a fashion that f/C/C = con¬ 
stant. Each degree displacement 
should give the same percentage 
increas(‘ in capacity; this, it will 
be found, is the equation of the 
curve marked 2 in Fig. 93. Such 
a condenser has a logarithmic law 
for capacity variation. 



Fig, 93. —Calibration curves of typical con¬ 
densers used in nidio apparatus. 


It may be advisablo to have a condemser such that, when associated 
with a coil, the circuit of which it is a part is resonant to wave lengths 
proportional to the setting of the condemser. As the wave length varies 
with the square root of the capacity, this means that the condenser plates 
must be so formed that the capacity of the circiiit varies with the square 
of the setting. In designing the shape of these plates allowance must be 
made for the stray capacity of the circuit, capacity between connection 
wires, inherent capacity of coils, etc. Such a condenser is called a straight- 
line wave-length condenser. 

In another type, of much more importance than those mentioned above, 
is the straight-line frequency type. The importance of this iypc follows 
from certain considerations in radio telephony, which require the spacing 
of broadcasting sections from each other by equal increments in frequency. 
This makes advisable a condenser so designed that equal increments 
in condenser setting advance the frequency, to which the associated 
circuit is tuned, by equal increments. Such a condenser will tune for 








SPECIAL FORMS OF VARIABLE CONDENSERS 


249 


the various broadcasting stations at equally spaced points in the con¬ 
denser dial. 

In making these special forms of variable condensers we may use 
standard rotor plates and specially cut stator plates, or vice versa; or 
both sets of plates may be especially formed. Certain other possibilities 
exist, as for example, peculiar shape of air gap between the plates, or a 
special cam drive between dial and rotor plates of the condenser. 

On the basis of ordinary semicircular stator plates and specially formed 
rotor plates Forbes has shown ^ that the radius vector to the edge of the 
rotor plates must satisfy the relation 


in which Z) =- 7 =; 

2irVL 


r = 




nkK 


I) 

[kVCo 


A 


e 






. . (36) 


L = inductance of circuit; 

71 = number of dielectric spaces; 
fc=10-iV367rd; 

d = length of air gap between plates; 


X = 




ISO® 


TT 


= cycles per radian of condenser scale; 


/oo = frequency of circuit with condenser set at 0°; 

/i8o° = fre(iuency of circuit with condenser set at 180®; 

Co = total capacity of circuit when condenser is set at 0®; this 
includes stray circuit capacity as well as that of the zero 
setting of the condenser; 

^ = angle of rotation of rotor plates; 

ri = radius of cut-out of stator plates, to accommodate the 
rotor shaft. 


All dimensions are in centimeters, the inductance of L is taken in 
henries, the capacity in farads and angles in radians. 

The capacity of such a condenser, for any angular position 6 of the 
rotor is 


C« = 


D 




Vco 




(37) 


*^^Troceeding8 I.R.E., Aug., 1926. 
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In Fig. 94 are shown the approximate forms of the movable plates of 
three types of variable condensers. A is formed properly to increase its 
capacity linearly with movement of the plate, straight-line capacity (SLC), 
B is designed to give such capacity changes that it, in cooperation with an 
inductance, so tunes its circuit that the relation between condenser setting 
and circuit wave length is a straight line, giving the straight-line wave 



Fig. 94.—These three shapes for the rotating? plates of a variable condenser (the stator 
plates being semicircular) result in such capacity changes as to give variations in 
capacity (A), in circuit wave length (/U, or circuit frequency (C), which are linear 
with respect to rotation of the plates. 


length (SLW); form c, in cooperation with a suitable coil, gives its circuit 
such resonance characteristics that the relation between condenser setting 
and circuit frequency gives a straight line; this is called the straight-line 
frequency condenser (SLF). In the latter two condensers the stray 
capacity of the circuit, connecting wires, etc., materially affect the form of 
the plate, especially at the low-capacity end. 



Fig. 95.—The general 
scheme of making 
paper condensers. 


Condensers of Fixed Capacity.—The ordinary 
fixed condenser, such as is extensively used in tele¬ 
phone circuits, is made by rolling together two sheets 
of tinfoil and two sheets of paper, as indicated in Fig. 
95. Rolls of tinfoil and paper, B, C, D, and Ey are fed 
together onto roll A ; when the proper length has been 
wound the paper and tinfoil are cut and the loosely 
rolled pack is slid off from roller A. Suitable provision 
for making connection to the tinfoil sheets is made 
while the sheets are rolling on to A. The l(X)sely 
wound condenser is put into a tank which can be 
heated and evacuated; this process takes out most 
of the moisture and air from the condenser. Hot 


parafiUn wax is admitted at the bottom of the hot, evacuated tank, 
submerging the condensers, and then pressure is let into the tank. 
The hot wax is thus made to completely permeate the condenser, which is 
then taken out, compressed into its proper shape, and allowed to cool. 
If the wax contracts, and permits the formation of minute cracks during 
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(a) 


the cooling process (as some waxes do), the condenser will be spoiled, as air 
and moisture will re-enter the paper from which they have just been 
expelled. The ends of the cooling condensers are sometimes covered with a 
layer of soft non-cracking wax to prevent this. Sometimes a good grade 
of non-hygroscopic oil is used for impregnation, instead of wax. 

A paraffin-impregnated condenser, using a good grade of paper about 
one-half of one mil thick, will stand from 100 to 200 volts, for each layer of 
paper used. Thus to operate as a filter condenser for a 350-volt ‘‘ power 
pack '' a three- or four-paper condenser should be used. If there is not 
much fluctuation in the voltage, less thickness of paper is required. The 
condensers in a power pack close to the rectifier receive higher c.c. volt¬ 
age, as well as a greater fluctuation, and therefore should have a greater 
dielectric Htrcngth. Terminals 

A well-impregnated condenser 
will show an insulation resistance 
of 100 to 1000 iTH'gohms per 
microfarad (insulation resistance 
varies inversely as the capacity), 
and its current will lead the im- 
press(‘d voltage by more than 89°, 
showing a power factor of 1 per 
cent or less. 

In case this type of condenser 
is to housed as a radio-freciuency 
by pass,” its connections must 
be fashioned differently from 
those in condensers used only 
at low frequencies. Fig. 96, 
diagram a shows the normal 
connection scheme for a con¬ 
denser to be used at telephone 
frequencies. The two tinned copper strips A and B are laid on the 
tinfoil sheets when the roll is being made; connection is made to their 
ends, which generally project through the end of the can in which the 
condenser is sealed. The charging current of such a condenser must 
run along the whole length of the tinfoil strips, and, at radio frequency, 
such a condenser may show an unexpectedly high resistance because of 
this effect. 

By winding roll A (Fig. 95) with each tinfoil strip projecting past one 
edge of the paper, as shown in Fig. 966, the complete length of each tinfoil 
strip is made available for connection. A low-melting-point solder serv'^es 
to make a good electrical connection between the projecting tinfoil sheets 
and the condenser terminal. In such a condenser the maximum distance 



(b) 

Fig. 96.—The connectors shown in (a) serve 
well at low frequencies but for radio fre¬ 
quencies the connections are made all along 
the edge of each tinfoil strip. 
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the current has to flow in the tinfoil sheet is its width, only 3 or 4 in. The 
result is that such a condenser shows but little effect of sheet resistance 
even at radio frequencies, and a condenser of such construction is always 
chosen for use as a by pass for radio-frequency currents. 

Losses Occurring in Condensers.—When a condenser is used in a high- 
frequency circuit there are various losses which occur, all of which are 
detrimental and to be avoided if possible. The losses may be due to 
actual leakage from one plate to the other through or around the dielec¬ 
tric, to dielectric hysteresis, to I^R loss in the conducting plates of the 
condensers, and due to corona losses from the edges of the plates. When 
a condenser is used in a receiving circuit (low voltage) only the first three 
sources of loss exist. All the data available go to prove that the losses in 
solid dielectrics vary with the first power of the frequency and with the 
square of the impressed voltage. 

For an air condenser constructed with mggec\ plates of negligible 
resistance all of the losses in the condenser proper are negligible except 
at voltages high enough to give corona loss. However, the supports, 
terminals, etc., of the air condenser must be mounted on very good insu¬ 
lators, otherwise an appreciable resistance may be incurred due to the 
dielectric hysteresis and leakage at these points. Quartz or high-grade 
porcelain should be used at these points. 

Condensers using glass, paper, rubber, or mica for the dielectric have 
some dielectric losses, although this loss in a well-constructed mica con¬ 
denser (air and moisture excluded) seems to be very small; the dielectric 
losses in paper and some grades of glass are high. Dry oil is in general a 
very good dielectric with very low losses; the oil has an added advantage 
over a solid dielectric, in that a disruptive breakdown does not spoil the 
condenser, the oil repairing itself with no deleterious effects unless sufficient 
arcing occurs in the oil" to produce considerable carbonization. A good 
grade of mineral oil is generally used, but the author has found castor 
oil to be excellent, having a high dielectric strength, low losses, and having 
such a high specific inductive capacity as to give about twice as much 
capacity as the same amount of mineral oil. The value of K for various 
dielectrics is shown in Table XIII. 

It must be remembered when using solid dielectric condensers that 
practically all such materials as glass, rubber, paper, wax, etc., very rapidly 
lose their insulating properties as the temperature increases. In fact the 
operation of most solid dielectric condensers Ixicomes unstable above a 
certain voltage; above this critical voltage the condenser will soon break 
down if left connected to the circuit. This is due to the cumulative effect 
of the losses in causing temperature rise, the higher the temperature the 
higher the losses become, thus again increasing the temperature. Some 
special paper condensers passed a puncture test of 4000 volts successfully. 
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TABLE XIII 


Specific Inductive Capacity of Materials Used More Generally in Radio 
Condensers (Measurements at Low Frequency) 


Material 

Value of K 

Material 

Value of K 

Ebonite. 

* 2.5-35 

Resin. 

2.50 

Ebonite. 

1.9 at about 

Shellac. 

3.0-3.7 


4X10’cycles 

Castor oil. 

4.7 

Glass, density: 


Olive oil. 

3.1 

2 5-4.5. 

5.0-10 

Petroleum oil. 

2.1 

Glass, density: 

Vaseline. 

2.2 

2 5-4 5. 

2 7 at about 

Isolantite. 

3 6 

Gutta percha. .. 

5 X10’ cycles 
3.3 4.9 

Pure water: 

1°C. 

83.0 

Mica . 

4 6-8.0 

95° C. 

57.0 

Paratlin wax. 

2 0 2 5 

Linear relation for 


Porcelain. 

4 38 

intermediate tem¬ 


Quartz. 

4 50 

peratures. 



Formica, Bakelite, Bakelite-<lilecto, and such compounds have a value of K of about 
5, generally lying between 5 and 6. See pages 2G6 and 267 for more detailed information 
on these materials, 

but upon being connected to a 2000 volts 60-cycle line every one out of 
the twelve tested broke down in less than twenty minutes. The same 
experience was had to an even more marked degree with a lot of mica 
condensers. 

It must also be remembered that a condenser passing a voltage test 
successfully when tested in a 60-cycle line may break down after a few 
minutes’ operation on a high-frequency circuit with a voltage only a small 
fraction of the 60-cycle voltage which it withstood successfully. In 
certain parts of a vacuum tube the glass (as dielectric) is subjected to 
high-potential gradients at high frequency and it shows losses many 
times as great as might be expected from low-frequency tests. 

Even quartz, which is one of the best dielectrics, shows this effect; 
a certain piece required 46,000 volts to puncture when the voltage was 
continuous, whereas it broke down at 18,000 volts (effective) after being 
connected to a 500-cycle line for a few minutes. 

Volt-ampere Rating of a Condenser. —At low frequencies a condenser 
has a low volt-ampere rating because of its voltage limitation; not more 
than a certain voltage can be applied without danger of puncturing the 
insulation. At high frequencies the safe heating of the dielectric is the 
factor that limits the capacity of the condenser. These two limitations 
result in a variable K.V.A. rating of a condenser. A mica condense^ 
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(consisting of ten sections connected in series) of 0.001 nf capacity has a 
safe rating as follows: ^ 


Frequency 

Safe 

Current 

Safe 

Voltage 

Safe 

K.V.\. 

0.1 kc. 

1.9 amps. 

3000 volts 

5 7 

0.3 

5.65 

3000 

17 0 

10 

11.2 

17S0 

20 0 

3.0 

11.4 

605 

S 9 

10.0 

11.2 

1 

178 

2.0 


Equivalent Series or Shunt Resistance of a Condenser.—All of the 

losses in a condenser can be grouped together and represented by a certain 
hypothetical series resistance; the value of this resistance will, in general, 
be different for different frequencies. Thus in Fig. 97 let a represent a 



Perfect 

dielectric 



Equivalent 

bhunt 

resistance 

r 


Fig. 97-—A condenser with imperfect dielectric may be rei)resented by one ha\inK per¬ 
fect dielectric in series with, or shunted by, a suitable resistance. 


condenser which is drawing a current of 2 amperes at a certain frequency, 
and has a total power loss due to all causes of 7.5 watts. Then this 
faulty condenser can be well enough represented by a ptTfect condenser 
b (of the same capacity as a) having no loss(\s, but having in series with 
itself a non-inductive resistance Rj such that the charging current of con¬ 
denser fe, flowing through this resistance, will di.ssipate the same amount of 
power as is lost in the faulty condenser a. For the case cited above we 
7.5 

shall have R = '^^l.S8 ohms. The faulty condenser might also Ix^ 

replaced by a perfect condenser and a suitable leak, or shunt, resistance. 
If the voltage in the condenser is Ej the loss in a shunt resistance is E'^/r^ 
so in c, Fig. 97, is shown this arrangement and for the case cited, if the 

^ Mica condenaere in high-frequency circuits. Maloff, I.R.E., April, 1932, p. 647. 
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voltage is 5000 volts the proper shunt resistance is obtained by putting 


5000^ ^ 50002 

-= 7.5 or r =- 

r 7.5 


= 3.34X10® ohms. 


These simple calculations hold accurately only for condensers of low 
power factor, say 0.02 or less, but as all good radio condensers have a 
lower power factor than this the method outlined above is accurate enough. 
The relation between the equivalent series resistance and equivalent shunt 
resistance is obtained from the relations (which, it must be remembered, 
hold good for low power factor condensers only) 


or 


PR = <^^C^E^Ii = —, 
r 


_1 _^ 


(38) 



r"iG. 98.—In the ordinary vacu- 
um-tuho amplifier the tuning 
condenser C has a leak resis¬ 
tance, Rg, ill shunt with it. 


R being the series resistance and r the shunt resistance. 

A practical case where this change of shunt resistance to series resistance 
is of value is shown in Fig. 98. This gives part of the circuit of a radio¬ 
frequency amplifier, the frequency being fixed 
by the coil L and condenser C. Across the 
condenser C is connected the input circuit of 
the vacuum tube, which may have a resistance 
of 100,000 ohms. I'he question arises—will 
this leakage resistance of 100,000 ohms have 
a material effect on the selectivity of the cir¬ 
cuit L C? At the low-frequency setting C is 
equal to 0.0005 microfarad and at the high- 
frequency setting it is about 0.00005 micro¬ 
farad. At the low frequency (600 kc.) the 
resistance of the coil L will be about 5 ohms and at the high frequency 
(1900 kc.) it will be about 20 ohms. 

Using Eq. (38) we find that for the 600-kc. frequency the 100,000 ohms 
shunt resistance is equivalent to 2.8 ohms series resistance and at the high 
frequency it is equivalent to 27 ohms series resistance. At the low fre¬ 
quency therefore the vacuum tube input circuit increases the width of the 
resonance curve by about 50 per cent and at the high frequency it 
makes the resonance curve more than twice its normal width. By using 
a “ C ” battery the resistance of the input circuit may be raised to about 
500,000 ohms, which value is sufficiently high to produce but little effect 
on the resonance quality of the L-C circuit. 

It will be noted that this interchange of series and shunt resistances 
involves certain premises. Thus the series resistance must be so low’ com¬ 
pared to the reactance of the condenser that its effect on the imi^dance of 
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the condenser circuit is negligible—the shunt resistance must be so high 
that the current through it is so small as to make the line current (condenser 
current+leak current) essentially the same as the condenser current. 

The equivalence of series and shunt resistance is based on equal power 
consumptions in the two arrangements, as evidenced by the derivation of 
Eq. (38); it may be that, for other considerations the two arrangements 
do not act alike. A case of this kind will be mentioned in Chap¬ 
ter III, in discussing the effect of condenser leakage on an oscillatory 
discharge. 

For most dielectrics the equivalent series resistance varies inversely 
with the frequency, indicating a constant energy loss per cycle. 

Electroljrtic Condensers.—If two aluminum plates are placed in a suit¬ 
able solution, and connected to a suitable source of c.c. power, an aluminum 
oxide forms on the positive plate which will gradually act to insulate this 

plate from the solution, thus reduc¬ 
ing the current flow to practically 
zero. The thickness of the oxide 
film formed, and the time taken 
to form it, depend upon how high 
a voltage is impressed on the two 
plates; it may be only 0.00001 mm. 
for low formation voltages (say 20 
volts), and it may reach a thickness 
of 0.001 mm. if the forming voltage 
is raised to 400. If a voltage much 
higher than this is used the film 
apparently cannot be formed suffi¬ 
ciently thick to prevent break¬ 
down; the film will spark through 
and p)ermit large current to flow, but if the voltage is reduced to about 
400 the ruptured spot in the film will be repaired in a short time. 

The electrical lx?havior of a pair of aluminum plates, in a solution of 
ammonium borate, is shown in Fig. 99. The oxide film on the positive 
plate had been formed by gradually increasing the impressed voltage 
up to 350 volts; the thickness of the film was about 0.001 mm. The 
film having been thus formed, the voltage was dropped to zero and gradu¬ 
ally raised, and corresponding values of current read. Up to about 40 
volts the current was not readable on the meter; above this voltage the 
current increased gradually until 350 volts was approached, and here it 
rose more rapidly. At about 460 volts the film began to break down and 
pass current measured in amperes. It will be noticed that for reversed 
voltage large currents flowed even for low voltage; the negative voltage 
scale is greatly magnified. From this record it appears that the film is 



Fig. 99.—A pair of aluminum plates in 
ammonium borate solution, shows 
as^’mmetrical conductivity; notice the 
different scales for positive and negative 
voltage. 
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Fig. 100.—Change in capacity of electrolytic con¬ 
densers, formed to 60 volts and then operated at 
30 volts; with hii^her temi>erature the capacity 
increases more rapidly. 


also a rectifier, and it has been so used in many of the battery chargers 
sold with radio sets. 

The capacity per unit area of film is very high, primarily because of 
the small thickness of the film. A film formed to 30 volts is probably 
about 0.00001 mm. thick, 2 aqo, __r_,_^_i_ 

1 .. 1 _4(i r* Similar condensers operated 

and it snows a capacity ^ooo -; at hi^f their formation voitege 

of 0.2 microfarad per I / 
square centimeter. If 

the film is thickened by g — - irii^T^perature _ 

being formed to higher [ 

voltages its capacity per ^ 

unit area goes down o w loo iso 200 2 so 3oo 

proportionately; a film 

formed to 350 volts has in capacity of electrolytic con- 

1 ± • r i denscrs, formed to 60 volts and then operated at 

about 0.018 microfanui 3^, tem,x;rature the capacity 

per square centimeter of increases more rapidly, 
area. 

The oxide film gradually disintegrates if the cell is left idle; it should 
remain connected to a c.c. line of suitable voltage. There will be a small 
polarizing current flowing continually, maintaining the film in its proper 
condition. The amount of current varies somewhat with conditions but 

should not be more than a few 
I Curves ij- Initial Jaiue microampercs per microfarad after 

I iftoo Curvcsl - After one years *crvice'“ thc condcnscr has bccn connectcd 
- |i 4 oo ~~~ 2 " to the line a week or so. At 

I |i2oo -- 3QQ impressed it might be 

I 1 1000 - - 50 microamperes per microfarad, 

0.4 s goo_^ — and at 400 volts perhaps 200 

0.3 1 600 \_microamperes. 

0 2 400 __ ^ condenser has been formed 

0 1 2 fjo — at a high voltage and is then 

I ^ operated at a lower one the ca- 
0 400 boo 1200 1600 2000 pacity will increase with time, 

Frequency ' . i r i 

^ , , owing to the fact that not sufn- 

Fig. 101.—The capacity of an electrolytic • . i i j. u n 

j i « leakage current will flow 

condenser i^oos down a.s the frequency is . . ^ 

raisetl, probably due to the resistance of maintain the film. The film 
the electrolyte. will decrease in thickness (and so 

leakage current increase) until the 
amount of leakage current that flows is just sufficient to compensate for 
the disintegration of the film. The change in film thickness, and hence 
in condenser capacity, takes place more rapidly if the electrolyte is 
warmed; in Fig. 100 is shown the change in capacity of two condensers 
formed to 60 volts and then operated at 30 volts. These results, as well 
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Fig. 101.—The capacity of an electrolytic 
condenser i^oos down a.s the frequency is 
raisetl, probably due to the resistance of 
the electrolyte. 
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as some of the others given here, were obtained in the Bell Telephone 
Laboratories. 

These ammonium borate-aluminum condensers have a high capacity 

per unit volume, compared 
with those made of paraffin 
I paper. The capacity per 

0.3 unit area is nearly 1000 

0.2 times as great. However, 

the losses are much 
^ greater; whereas the 

Fig. 102.—Performance curves of a normal electro- power factor of the paper 

lytic condenser. condenser may be 1 per 

cent, that of the electro¬ 
lytic condenser may be from 10 to as much as 80 per cent! P'ortunately, 
in their principal service, this high loss is of no gre^it importance. This 
type of condenser is used prac¬ 
tically always in filter circuits, 
to eliminate the ripples from a 
unidirectional pulsating power 
supply. Here the undesired 
high-frequency currents flow into 
the electrolytic condenser and 
their energy is used up as con¬ 
denser loss; this is the effect 
desired of the filter. 

The principal loss is due to 
the resistance of the electrolyte, 
which varies from 50 to 800 ohms 
per cubic centimeter according 
to concentration. The anode is 
made of deeply corrugated alu¬ 
minum sheet, and at high fre¬ 
quencies (where the high power 
factor occurs) the bottom of the 
grooves is not very effective be¬ 
cause the current has to flow 

through too long a path of solu- io3._a ISOO-miorofarad electrolytic con- 

tion. The decrease in capacity denser; the electrolyte is covered with a 
as frequency is increased is prob- thin layer of oil, to prevent evaporation, 
ably accounted for by this effect. 

In Fig. 101 are shown curves of effective .series resistance and capacity of 
a condenser in which the film had Ixien formed to 46 volts and the con¬ 
denser operated at 28 volts. Of course the ripple voltage is always small 
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compared with the polarizing voltages; the voltages given in the text 
are the continuous voltages impressed on the condenser. It will be 
appreciated that these electrolytic condensers are always operated on 
unidirectional voltage lines. They would not function as condensers if 
put on an ordinary a.c. line because the voltage across their terminals 
must never reverse; if it does, an excessive current will flow and the 
line will be practically short-circuited. 

The performance of a normal liquid electrolytic condenser is shown in 
Fig. 102; its construction is shown in Figs. 103 and 104. The glass jar 
containing the condenser is 8 in. by 10 in. by 14 in., and the condenser 



Fia. 104.—Construction of the condenser shown in Fig. 103. 


weighs 42 lbs. complete. A layer of oil is poured on the electrolyte to 
keep it from evaporating, and in addition the cover is sealed tight to the 
jar. Corrosion of the aluminum plates takes place in time but apparently 
does but little harm providing the electrical contacts remain tight. An 
aluminum hydroxide gradually forms in the electrolyte, faster for a greater 
concentration of the electrolyte. One showing 75 ohms per cubic centi¬ 
meter (a relatively concentrated solution) may need renewing before 
one year of use, whereas a solution showing 300 ohms per cubic centimeter 
lasts more than five years before precipitation of the hydroxide requires 
renewal of the electrolyte/ 
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Recently, “ dry electrolytic condensers have appeared; in one form 
two thin aluminum sheets, one of them having a formed oxide film, are 
rolled up with a layer of electrolyte-impregnated gauze between them. 
In another it seems that a thin sheet of rubber or similar material is used 
in place of gauze. Some of them show very low leakage current and have 
a very large capacity per unit volume. In Figs. 105 and 106 are shown 
characteristics of one of these condensers, as published by the manufac¬ 
turer. It is claimed that the condenser will operate on 350 to 450 volts 
without damage, even if this voltage has pulsations of 100 volts. These 
condensers are very compact, one rated to operate at 300 volts having 
nearly 2 microfarads per cubic inch; another designed for an operating 
voltage of 450 volts, with 575 volts peak permissible, has about J micro¬ 
farad per cubic inch. Figures on the probable life of these dry electrolytic 


condensers are not now available. 



0 100 200 coo 400 (>00 600 


Volts, continuous 



Time after applyinsr voitage 


Fig. 105.— Leakage current a dry 
electrolytic condenser. 


Fig. 106.—Decrease of leakage current 
with time the condenser is in use. 


Characteristics of Ordinary Power Condensers.—Tests made by 
L. W. Austin on various condensers used for the transmitting circuits of 
radio sets gave results as shown in Table XIV. The tests were made at 
14,500 volts and 300,000 cycles with damped wave excitation of 120 sparks 
per second. 

In the case of the compressed-air condenser it is probable that practi¬ 
cally all of the loss was attributable to dielectric losses in the insulated 
lead-in wire. At the voltages used it seems that the ordinary Leyden 
jar used in radio sets has considerable corona or leakage loss, because 
immersion in oil cut the losses to about 20 per cent of the value in air. 
Mica condensers were not tested at this time, but recent tests give them 
an eflSciency rating nearly equal to the compressed air. 

Tests on Pyrex glass give widely varying results, different tests giving 
power factors varying from 0.0028 to 0.0089. In general, annealed glass 
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TABLE XIV 


Kind of Condenser 

Power Factor 

Capacity in 10”* 
Farad 

Equivalent Series 
Resistance in Ohms 

Compressed air. 

0 001 

5.8 

0.14 

Leyden jar in oil (glass). 

.003 

6.0 

.28 

Composition Murdock. 

.004 

5.4 

.41 

Glass plates in oil. 

.005 

4.2 

.58 

Moscicki condenser. 

.006 

5.5 

.57 

Leyden jar in air. 

.016 

6.1 

1.4 

Molded micanite. 

.023 

4.1 

2.9 

Paper. 

.024 

5.8 

2.2 


shows power factors about 50 per cent less than unannealed glass. Micalex 
(ground mica and lead borate fused together) is reported to have K = S 
and cos 0 = 0.002. 

Test made by E. F. W. Alexanderson, using a high-frequency alternator 
for source of power, shows power factors greatly in excess of the values 
given by Austin^s results. Some of the values obtained by Alexanderson 
are given in the accompanying table; the frequency used varied from 
20 kc. to 90 kc., and the potential gradient from 5000 volts per cm. to 
20,000 volts per centimeter. The power factor for most of the dielec¬ 
trics tested increased somewhat with frequency increase, the amount 
of increase being small for the better dielectrics; thus the power factor 
for mica was constant within the range of frequency used, while glass 
increased from 0.013 to 0.016. All of the samples showed an increase of 
power factor with increased potential gradients, a slow increase at first, 
then more rapidly until rupture occurred; glass, e.g., increased its power 
factor from 0.013 to 0.015 with a change in potential gradient from 5000 
to 12,000 volts per centimeter, and when the gradient was further increased 
to 19,000 volts per centimeter the power factor rose to 0.054. 

For a gradient of 10,000 volts per centimeter and frequency of 50,000 
cycles the results obtained were as follows; 

TABLE XV 


Material 

Pow'er Factor 

Watts Loss per Cm. Cube 

Built-up mica. 

0.019 

0 15 

Glass. 

.014 

.25 

Pa per. 

.021 

.26 

Varnished cambric. 

.031 

.35 
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The mica used was built up from small mica sheets and some binding 
cement; it seems likely that the losses in the cement and possible small 
air cavities caused more loss than did the mica itself; the small tempera¬ 
ture rise in a good mica condenser built especially for radio work would 
indicate that a comparatively small part of the loss found by Alexanderson 
was due to losses in the mica itself, unless a poor grade has been used. He 
found some samples of built-up mica with a power factor as high as 0.07; 
it would seem likely that a lot of air was trapped in this sample. Some 
recent tests have indicated a power factor in mica as low as 0.0003. 

It will be noticed that there is a considerable difference between Austin\s 
results and those of Alexanderson; e.g., glass gave power factors of 
0.005 and 0.014, in the different measurements. The difference is probably 
attributable to the different quality of glass used and also to the fact that 
different methods of experimentation were used; in one case the material 
was subjected to the loss continuously and in the other for only a small 
fraction of the time. Alexanderson used continuous-wave excitation and 
Austin a 120-cycle spark; the resulting temperature rise was undoubtedly 
different in the two tests. 

Most of the solid dielectrics using synthetic resin for base have a power 
factor (at radio frequencies) of about 4 per cent.* Some show a power 
factor increasing with age of the material, the power factor of some of 
them increases with increase in frequency and in others a decrease of 
power factor occurs. 

A dielectric which has had wide application in radio apparatus in recent 
years goes by the trade name of Isolantite; it is principally magnesium 
silicate suitably prepared and baked. After being ground and formed into 
a paste it is pressed into whatever shape is desired, and then fired in 
accurately controlled kilns. Its properties, as published by the manu- 
facturer and compared with other insulating materials arc given in 
Table XVL 

TABLE XVI 


Material 

P(»Her Fart or 

ri>B 0 

Power Fartor Multiplied 
by Sperifir Inductive 
C'aparity 

K X ron 0 

Fused quartz. 

0 0007 

0.0025 

Isolantite. 

.002 

.01 

Electrical glass. 

. .004 

.022 

Porcelain.... 

.007 .15 

.05-1.05 

Good synthetic resin. 

.007 

.045 

Rubber compounds. 

.01 

.03 

Other synthetic resins. 

.03-11 

.12-55 



^ See detailed data on pp. 266-267. 
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In Fig. 107 are shown the variations in specific inductive capacity, with 
change in temperatures, of isolantite compared with that of the average 
synthetic resin. In Fig. 108 is shown how the power factor of isolantite 
varies with frequency throughout the broadcast band, both dry and after 
it has been soaked in distilled water for 24 hours. 

Phase Angle Difference of a Condenser.—In a good condenser the 
angle of current lead, <j>j is very nearly 90^; the power factor of the con¬ 
denser is the cosine of this angle, 0, or it may be put equal to sin i/', where 
= This angle is called the phase difference of the conden¬ 

ser, and it is evident that if \p is only 1° or 2° that the power factor of 



Fia. 107.—Specific inductive capacity 
of Isolantite (from data furnished by 
the manufacturer). 



Fig. 108.—Effect of water upon the 
power factor of Isolantite (from data 
furnished by the manufacturer). 


the condenser, cos <^ = sin = hence, the power used in a condenser is 
readily given in terms of 4'. 

Power used 

= El cos 0 = El4^ = .(39) 


The power factor of the condenser 


Resistance 

Reactance 


= Ro:C, 


(40) 


The phase difference of a condenser to be used for radio work should never 
exceed 0.3°; a greater value indicates excessive dielectric loss. 

Variation of Dielectric Constant and Phase Angle with Frequency 
and Temperature.—Certain liquid dielectrics have been found to suffer 
large changes in both dielectric constant and power factor as the frequency 
and temperature are changed. According to theory widely accepted, these 
peculiar variations are due to dipoles (polarized molecules) which have 
reasonably definite periods of oscillation. If then the frequency of the 
impressed voltage happens,to be reasonably close to this value anomalous 
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changes in dielectric constant and power factor are to be expected. Fig. 
109 gives typical results ^ obtained for an oil extracted from resin. Other 
oils show similar effects, and it is quite likely that practically all liquid 

dielectrics have this 
property in some tem¬ 
perature range. 

Comparative Merits 
of Dielectrics. — When 
the phase angle dif¬ 
ference of a dielectric is 
small, so that sin ^ = 
we can get a measure of 
dielectric merit in terms 
of specific inductive 
capacity and asshown 
by Hoch.2 If V is the 
volume of dielectric 
used, E is the voltage 
across it, / is the fre¬ 
quency, K the specific 
inductive capacity, \p the phase difference, P the power used in dielectric 
hysteresis, and m a constant depending upon the various units employed, 
we have 

P/V = 7nlPfKxP .(41) 

Thus the product, K\p gives the relative merits of two dielectrics insofar 
as power lo.ss is concerned. For scweral commercial insulating materials, 
using continuous-wavQ excitation and resistance variation method of 
measurement Hoch found results as in Table XVH. 

In general as the temrK^rature of a dielectric is increased its losses 
increase at the same time. Hoch found temperature effects in the various 
commercial insulators as shown in Table XVIII. 

Phase Difference Caused by Dielectric Loss is Constant for a Given 
Material.—The dielectric loss in most dielectrics varies with the square 
of the potential gradient in the dielectric, other quantities being fixed; 
this merely states the fact that the power factor of the condenser is inde- 
p3ndent of the voltage. Such has lx?en found to be true for most materials, 
for voltages well below the rupturing strength of the dielectric. If then 
wo have a condenser (of certain capacity), made with a certain dielectric, 
it will produce a certain loss, no matter how much or how little of the 

^ Morgan and White, Jour, of Franklin Institute, March, 1932, p. 313. 

* Bell System Technical Journal, Nov., 1922. For other values, differing somewhat 
from those given here, see article by Guthrie in Proc. I.R.E., for Dec., 1924. 



Fig. 109. —Certain substances show peculiar changes in 
power factor and specific inductive capacity with fre¬ 
quency and temperature; these results are for a certain 
resin oil. 
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dielectric we use. Thus if we double the thickness of the dielectric (cut¬ 
ting the gradient in half) we must increase the area of the dielectric by 
two, thus using four times the volume of the dielectric as before. With 
the gradient cut in two the dielectric loss per unit volume is cut to one- 
fourth, but as we have four times the volume the total loss is the same. 
It seems then that the efficiency of a condenser cannot be improved by 
using more or less dielectric; a better dielectric must be substituted if 
the phase difference, i/', is to be reduced. 



Fia. 110.—Variation of equivalent series resistance of a radio condenser having ebonite 

dielectric. 

Fig. 110 gives curves showing the experimentally determined resis¬ 
tance and capacity of a variable condenser having ebonite for the dielectric. 
The condenser showed the product /^C= 14X10“^ everywhere through¬ 
out the scale; the test wius performed at 25,000 cycles, giving a value 
for ^ = 0.0022. In this condenser, therefore, the current leads the voltage 
by an angle of 89.874°. 

Phase Difference of Actual Condensers.—There are of course two types 
of condensers used in radio, fixed ones using solid dielectric between their 
plates and variable ones iteing air (occasionally oil) for their dielectric. 
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TABLE XVII 


Dielectric Constant, Phase Difference and their Product for Several 
Commercial Insulating Materials * 


Material 

Frequency 

Kilocycles 

^ Dielectric 

Constant 

Phase 

Difference, 

Degrees 

Product 

Phenol Fiber A. 

295 

5.9 

2.9 

17.1 


500 

; 5.8 

2.9 

16.8 


670 

5 7 

2.9 

16.5 


1040 

S.ti 

3.3 

18.5 

Phenol Fiber B. 

190 

5.8 

2.2 

12.7 


500 

5.6 

2.5 

14.0 


675 

5.6 

2.6 

14.6 


975 

5.6, 

2.8 

15.7 

Phenol Fiber C. 

200 

5.4 

2.1 

11.3 


395 

5.4 

2 2 

11.8 


685 

5.3 

' 2 3 

12 2 


975 

5.2 

2.4 

i 

12.5 

Phenol Fiber D. 

194 

5.4 

1 

4.2 

22 7 


500 

5.2 

3.9 

20 3 


695 

5.2 

3.9 

20 3 


1000 j 

5.1 

3 8 

19.4 

Wood (Oak). 

300 

3.2 

2 1 

6.7 


425 

3.3 

2 0 

6 6 


635 

3 3 

2 2 

7 3 


1060 

3.3 

2.4 

I 

7.9 

Wood (Maple).<.. 

500 

4.4 

1 

1.9 

8.4 

Wood (Birch). 

500 

5.2 

3.7 

19.2 

Hard Rubber. 

210 

3 0 

0 5 

1.5 


440 

3 0 

.5 

1.5 


710 

3.0 

.5 

1.6 


1126 

3 0 

.6 

1.8 

Flint Glass. 

500 

7.0 

.24 

1.68 


720 

7.0 

.24 

1.68 


890 

7.0 

.23 

1.61 

Plate Glass. 

500 

6.8 

.4 

2.7 

Cobalt Glass. 

500 

7.3 

.4 

2.9 

Pyrex Glass. 

600 

4.9 

.24 

1.18 


* All of the namplee had been in the laboratory for some time during nummer weather without artifi* 
cial drying or other special preparation. 















PHASE DIFFERENCE OF ACTUAL CONDENSERS 


267 


TABLE XVIII 

Variation with Temperature of Dielectric Constant, Phase Difference and 

THEIR PRODUCn’ FOR SoME COMMERCIAL INSULATING MATERIALS (FREQUENCY 

500 Kc.) ♦ 


Material 

Temperature, 
DeRrees C. 

Dielectric 

Constant 

Phase 

Difference, 

DeRrees 

Product 

Molded Phenol Product A. . . 

21 

5 G 

3.1 

17.4 


71 

G.9 

6.5 

45 0 


120 

10.4 

22.0 

230.0 

Molded Phenol Product B... 

21 

5 2 

2.3 

12.0 


71 

G.l 

3 7 

22.5 


120 

7.6 

8.9 

68.0 

Molded Phenol Product C. . . 

21 

5 3 

2.8 

14.8 


71 

6.1 

3.6 

22.0 


120 

6.7 

9.6 

64.0 

Phenol Fiber B. 

21 

5.6 

2.5 

14.0 


71 

6 6 

3.1 

20.5 


120 

6.5 

4 6 

30.0 

Phenol Fiber C. 

21 

5 4 

2.3 

12.4 


71 

6 0 

3.9 

i 23.5 


120 

5 3 

4.9 

26.5 

Phenol Fiber D. 

21 

5 2 

3.9 

20.3 


71 

6 6 

6.9 

46.0 


120 

() 3 

13 5 

85.5 

Hard Rubber. 

21 

3 0 

0 5 

1.5 


71 

3 1 

1 2 

3.7 


120 

3 2 

3.7 

11.8 

Pyrex Glass. 

20 

4 9 

0 24 

1.18 


74 

5 0 

0.4 

2 0 


125 

5 0 

0 7 

3 5 


♦ The mP!i«iironjents on cnrh snitiplo wore miule in the order in which they are Riven in the table. 


The solid dielectric ones are generally used for by-pass, or blocking, con¬ 
densers and the properties of their dielectric has but little effect on the 
performance of the radio set. 

The variable air condensers are used in the tuning circuits and their 
phase difference may be of prime importance. If the equivalent series 
resistance of the tuning condenser approaches that of the coil with which 
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it is associated its losses are important in that they affect the tuning of 
the circuit. The well-built condenser of to-day, however, has a resistance 
so small compared to the coil resistance that its effect in tuning is negli¬ 
gible. This is really because in a well-designed condenser the amount of 
dielectric used is small, what is used is of the best quality, and is placed 
on the condenser where the electric field intensity is low. 

Measurement of many of the better types of variable condensers used 
in radio sets to-day show at frequencies of about 1000 kc. an equiva¬ 
lent series resistance varying from 0.5 to 1.5 ohms with the condenser 
set for maximum capacity. As the reactance of these condensers averages 
about 300 ohms, we can see that their power factors are considerably 
less than those of the coils with which they are necessarily associated. 
Typical results, for example, show 


Capacity 

Frequency 

Rcflistance 

Power Factor 

0.0005 

1500 kc. 

0.8 

0 0038 

0.001 

1000 kc. 

0.4 

0.0024 


These measurements seem to indicate, when compared with the measured 
values at 1000 cycles, that the plates themselves of the condenser begin to 
offer appreciable resistance at the higher frequencies,^ and for frequencies 
measured in many megacycles the condenser resistance may be equal to, 
or greater than, that of the coil. 

Using a small tuning condenser of 0.00008 microfarad capacity and a 
calorimetric method of resistance measurement Ramsey found “ resistances 
as given here 


Frequency. 

^o« 

3 7X10« 

7 5XW 

1.4X10’ 

Resistance. 

0.1 uhm 

1 

0 (X) 

0 04 

0 06 


We ordinarily expect to find the phase angle difference of a given dielec¬ 
tric to be independent of frequency and for most substances this seems to 
be true. For liquids the effect seems to be more complex, measurements 
indicating a phase angle changing with frequency. For water Bryan ^ 
found that at room temperature 




0 . 8 ”+?^^, 


• ■ <«2) 


‘See article on Condensers, by Weyl and Harris, Proc. I.R.E., Feb., 1925. 

* Phil. Mag., Dec., 1926. 

* “Dielectric Losses at Radio Frequencies in Liquid Dielectrics,” Bryan, Phys. Rev., 
Oct., 1923. 
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He found somewhat similar relations for other liquids. Fig. 109 shows 
that with liquid dielectrics peculiar changes in behavior may be expected 
as frequency and temperature are altered. 

Internal Capacity of a Two-layer Solenoid.—A certain single-layer sole¬ 
noid had an inductance of 1000 yih at 600 meters; another solenoid was 
at hand which had the same dimensions as the first, but it had two layers of 
wire instead of one, giving it twice as many turns. Tested at 1000 cycles 
it showed an inductance slightly more than four times as great as the single- 
layer solenoid, as it should, but when tested at 500,000 cycles it acted like 
a condenser, not like an inductance; in fact it ceased to act like an induc¬ 
tance for frequencies above 200,000 cycles. This peculiar behavior was 
caused by the internal capacity of the coil; this internal capacity may 
be represented to a certain degree of approximation, as a condenser con¬ 
nected in parallel with the terminals of the coil. It is then evident that 
above a certain frequency the current taken to charge the condenser 
will be greater than the current through the coil itself, making the com- 


End where layers are 



Fia. Ill,—Magnetic and electric fields in an ordinary two-layer solenoid. 

binalion circuit act like a condenser, of capacity varying with the fre- 
fiuency. 

The calculation of the internal capacity * of a coil is most conveniently 
carried out by calculating the electrostatic energy stored in the coil for 
a given voltage; the value of C is then at once obtained. The capacity 
of the two-layer solenoid referred to above will first be calculated. Fig. 
Ill depicts the arrangement of the electrostatic and magnetic fields of the 
coil when current is flowing through it; when the impressed e.m.f. is 
continuous, the difference in potential between the two layers varies 
directly as the distance from the end where the two layers connect together, 
being zero at this point. When the impressed e.m.f. is alternating, this 
potential difference between the two layers is no longer a straight-line 
variation but varies more rapidly in the center of the coil; the exact form 

' In Phys. Rev., Aug., 1921, Breit publishes a note in which he says that for a short 
single-layer solenoid the internal capacity (in tifjf) is nearly equal to 7 per cent of th? 
perimeter of the coil, in centimeters. 
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of this potential difference curve varies with the frequency and with the 
shape of the coil. 

It is noticed that the capacity of the coil is essentially that of two 
concentric cyHnders, the separation of these two cylinders being determined 
by the average separation of the wire on the two layem of the coil, being 
perhaps four times the thickness of insulation of the wire, for wire and 
insulation with relative proportions as shown in Fig. 112; this is about 
the right scale for No, 26 double cotton-covered wire. With such wire 
then we can calculate the capacity by replacing the actual coil by two 
conducting cylinders having the same diameter and length as the coil, 
and separated by a distance equal to four times the thickness of insula¬ 
tions of the wire. As the separation of the cylinders is so small compared 



to the diameter, the capacity may be calculated by using (lie formula for 
flat plates. Hence we get 


^_2irrlK 


rlK 

Ht 


centimeters. 


(43) 


where r = mean radius of coil in centimeters; 

/ = length of coil in centina'ters; 

/ = thickness of insulation in centimeters; 

A' = specific inductive capacity of dielectric. If the coil is impreg¬ 
nated with shellac, K is approximately equal to 3. 

Eq. (43) gives the capacity for static charges, the two cylinders being 
insulated from Cine another; in the coil, however, the two cylindrical 
surfaces are actually connected together at one end. 'Phe problem then 
resolves itself in one of determining the equivalent capacity of two cylinders 
having a potential difference of zero at one end and E volts at the other. 
The diagram in Fig. 113 gives the elements of the problem; two plates, 
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rK 

capacity per unit length = — with potential difference as represented by 

ot 


the e curve in the upper part of Fig. 113. The energy stored in an element 
of length of the condenser is 


St 2 16/ \ 


-f)' 


dx. 


The total work stored in the electrostatic field, 



rKEH 
16/ 3' 



Electric field 


Fig. 113.—Viiriiition in potential difference between the layers of a two-layer solenoid, 

at low fretiuency. 


Now we define capacity in a problem like this by putting the total 
energy stored in the field equal to - — where C' is the capacity we desire 
to calculate. 

C'E- rKE-l rKl , ^ 

So -^ = -.7;7- or C' = —,.(44) 


By comparison with Kq. (43) we see that the equivalent capacity of 
such a coil, assuming uniform change in the potential gradient from one 
end to the other, is equal to one-third of the static capacity of the two 
surfaces. 

The actual distribution of potential differences between the two layers 
is more nearly as shown in the curve of Fig. 114; such a distribution will 
result in C' being somewhat larger than the value obtained in Eq. (44). 

Internal Capacity of a Multi-layer Coil.—A multi-layer coil constructed 
with an air space between each layer may have a comparatively small 
internal capacity in spite of the fact that it has 10 or 20 layers of winding; 
a short analysis shows that the internal capacity, as a matter of fact, 
decreases with an increase in the number of layers. If the capacity 
between two adjacent layers of the coil is C then the internal capacity 
of a coil having N layers is nearly C/A^, as will be shown. 
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Curve of potential difference 



Fig. 114.—Potential difference between the two layers of 
a two-layer solenoid at high frequencies. 


The electrostatic field in such a coil has a distribution about as shown 
in Fig. 115, which represents a cross-section through the winding of an air- 
spaced coil, having 8 layers. The cross-section is shown through one side 
of the coil only, the other side of the coil would be similar. 

If a voltage of E volts is impressed across the terminals of the coil, the 

voltage between adja¬ 
cent layers (at the 
ends where the two 
layers are not con¬ 
nected) is E-^N 12. 

Let the normal 
geometrical capacity 
between two adjacent 
layers be C ; this is 
the capacity between 
two cylinders, insulat¬ 
ed from one another, 
of same dimensions as the layers of wire, and spaced by the space between 
the two layers of wire. If the potential gradient Ix^tween two adjacent 
layers is assumed to vary uniformly from a maximum at one end to zero 
at the other (where the two layers connect together), as illustrated in Fig. 
113, the energy between two adjacent layers is found by integration to be 
2E^ 

As there are 1 spaces be¬ 
tween layers, where this much energy 
is stored the total energy stored is 
2E-C 

Now if we consider a condenser 
made up of two cylinders having the 
same dimensions and spacing as the 
inner and outer layers of the coil, its 

(7 

capacity would be equal to 

the thickness of dielectric being {N— 1) 
times as thick between the innermost 
and outermost layers as it is between, 
two adjacent layers. The stored energy in such a condenser would be 



Fig. 11.5. 


Axis of the coil 

-Electric field distribution in 
a multi-layer coil. 
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But from the previous paragraph the stored energy in the coil is 
actually 


^2E'^C /N-iy2E^-/ C \ 

^ 3iV2 “\ iV j 3 W-lj’ 


from which it follows that the equivalent internal capacity of a multi- 

4/A^~lV 

-1 ^ ) X the capacity between the inner and 


layer coil is equal to 


outer layers, that is 


4/jV-lV 


)■ 


(45) 


where Co= capacity from inside to outside layer. 

This capacity calculation neglects the “ edge effect which may 
increase the actual capacity over that given by Eq. (45) by as much as 
100 per cent, depending upon the shajDe of coil. 

In calculating the separation of the inner and outer layers the thick¬ 
ness of wire in the intermediate layers must not be included; thus if the 
space between the surfaces of the wires of two adjacent layers is 0.6 mm. 
and there are ten layers, the space between the inner and outer layers is 
4.5 mm. 

To keep the capacity low it is very necessary to keep the adjacent 
layers separated by an appreciable air space; if this space is too small 
the internal capacity is high, and the coil cannot be used at as high a 
frequency as it is possible with a coil of equal inductance having a low 
internal capacity. If paper, oiled cloth, wax, shellac, or similar dielectric 
is used to separate the different layers, there will be an appreciable dielec¬ 
tric loss in this material (thereby decreasing the efficiency of the coil) 
and the internal capacity will be increased by a factor equal to the specific 
inductive capacity of the material used. The bad effects of the dielectric 
used between layers increase as the amount of external tuning capacity 
is decreased. 

It might seem from the previous reasoning that a large air space would 
be advisable, but such is not the case; as the air space is increased the 
value of inductance for a given amount of wire is decreased, the ratio of 
L to R being greater the more compact the coil. Just what air space is 
best the author has not determined, but with a coil made of well-stranded 
radio-cable an air space equal to the diameter of the cable has seemed 
suitable. 

Natural Period of Multi-layer Coils.—It is possible to calculate the 
natural period of the air-spaced coils with a fair degree of precision, per¬ 
haps within 10 per cent. The capacity to be used in making the 
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calculation is considerably greater than the value given in Eq. (45) because 
of the edge effects and a redistribution of potential in the coil. For 
some coils having a square cross-section of winding, outer radius about 
30 per cent greater than the inner radius, the natural period could be 
determined by using for L its low-frequency value and for C just twice 
the value calculated from Eq. (45). As examples of how well the pre¬ 
diction may be made the data for two coils are given in Table XIX. 


TABLE XIX 



Coil No. 1 

Coil No. 2 

Inner radius. ; 

4 7 cm. 

4 7 

Outer radius. 

5 5 cm. 

6 3 

Axial length of coil. 

2 5 crn. 

2 5 

Number of layers. 

10 0 

18 0 

Number of turns (total). 

73t> 0 

740 0 

Air space between layers. 

0 060 cm. 

0 033 cm. 

Calculated capacity, Eq. (45). . 

14 2X10”’2 

16.2X10“'2 

Low frequency inductance. 

66 2X10"^ 

72 2Xl0-« 

Calculated natural frequency. 

1 09XHP 

1 11X10^ 

Measured natural frequency. 

1 ItiXHP 

1 05X10* 


The natural period of a multi-layer coil does not increase rapidly with 
increase in inductance. Thus if the numVjer of layers in such a coil is 

doubled, the inductance is in¬ 
creased nearly four times, but, 
as the capacity has been de¬ 
creased to only half its previous 
value, the natural period has 
been increased only about 40 
per cent. 

Natural Wave Lengths of 
Typical Coils.—For single-layer 
solenoids the natural wave 
length can be reasonably well 
calculated by using the low- 
frequency inductance of the coil 
and an internal capacity equal, 
in micro-microfarads, to the 
radius of the coil in centi¬ 
meters. For multi-layer coils of 
the banked type the internal capacity must be taken considerably greater, 
especially when the coil is short. In Table XX are shown experimental 
results for a whole set of coils. 


Stationary 
COIL 


Rotating 

COIL 



Fig. 116.—a laboratory type of variable induc¬ 
tance; one coil turns inside the other. 
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TABLE XX 


Type of Coil 

DiHiHcter 
in Cm. 

Lemuth 
in Cm. 

1 

Number 
of Turns 

Induc¬ 

tance 

in 10-fi 
Henry 

Natural 
Wave 
Length in 
Meters 

Co-in 

Micro 

Micro- 

Farada 

Single-layer solenoids 

11.7 

2 3 

20 

79 

37 

5.2 

on bitumen spools. 

11 7 

4 8 

40 

200 

60 

4.7 


11.7 

7 5 

00 

374 

78 

4.4 


11 7 

17 8 

141 

1,140 

122 

3 6 


11.9 

3 3 

30 

144 

53 

5 5 


12 0 

42 3 

931 

26,000 

625 

4.2 


11 7* 

7.4 ' 

126 

214 

213 

6.0 


14 7 

17 0 

296 

7,5(30 ! 

370 

5.1 

Single-layer solenoids 

10 5 

10 0 

361 

8,490 

388 

5.0 

on wood spools. 

10 5 

10 0 

21X) 

5,540 

323 

5 3 


10 5 

10 0 

13S 

1,290 

153 

5.1 


10 5 

10 0 

9() ! 

614 

104 

5.0 


10 5 

10 0 

64 ; 
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69 

4.8 


10 5 

10 0 

41 

120 

49 

5.6 


10 5 

10 0 

37 

97 

44 

5.6 

Three-layer banked 

11 4 

1 5 

36 

205 

108 

16 0 

coils on bitumen 

11 4 

2 1 

52 : 

465 

133 

13 3 

spools. 

11 4 

2 7 

68 

725 

158 

9.7 


11 4 

3 4 

84 i 

1,015 

175 

8.5 


11 4 

4 2 

100 

1,310 

188 1 

7.6 


11 4 

5 7 

132 1 

2,030 

225 

7 0 


11 4 

7 3 

1()9 

2,880 

263 

6 8 


114 

9 8 

232 

4,220 

297 

5 9 


* Fitted With taps and nmltipoint switch. 


As another illustration indicating the effect of the internal capacity of 
coils in their performance we not(‘ the following interesting facts. A set 
of fixed inductances, used for laboratory secondary standards, showed 
natural frequencies as given here: 


TABLE XXI 


Value of inductance... 

0.0001 henry 

0.001 

0.01 

0 1 

1 0 

Natural frequency. .. 

6X10® cycles 

2X10« 

5X10‘ 

1.5X10' 

3.5X10^ 

Resistance (c.c.). 

0.18 ohm 

1 80 

12.2 

85 3 

545 


A set of variable inductances, built as shown in Fig. 116, one coil 
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rotatable inside the other, gave natural frequencies, minimum power 
factors, etc., as follows; 


TABLE XXII 


Inductance Range 

Natural Frequency 
at Maximum Setting 

Minimum Power 

Factor 

Frequency at Which 
Minimum Power 
Factor Occurred 

0.00004 to 0.0004 henry 

1.5X10« 

0.007 

2.0X10^ 

0.0004 to 0 004 

5.0X10^ 

0 008 

7.0X10^ 

0.0018 to 0.018 

2.0X10^ 

0 01 

2.5X10* 


It will be appreciated that the internal capacity of a coil acts to seri¬ 
ously limit the amount of inductive reactance available. A coil cannot 
be used as a good reactance at a frequency much higher than about one 
quarter of its natural frequency, because of the rapid increase in effective 
resistance at higher frequencies; it will be found that none of the coils 
used in obtaining the above data make possible 100,000 ohms of induc¬ 
tive reactance. 

General View of Capacitance and Inductance.—So far in this text 
we have always thought of coils and magnetic fields when considering 
inductance and, of course, that is the ordinary conception. But the true 
distinction of an inductance arises from the reactions set up in the circuit; 
if, due to the flow of alternating current, the circuit sets up a counter electro¬ 
motive force which lags 90"^ behind the current, then the circuit is an induc¬ 
tive one. In the same w'ay if, due to the flow of an alternating current, a 
circuit sets up a reaction which leads the current by 90^, the circuit is a capac¬ 
itive one. 

Now, in most cases, the student will recognize inductive and capacitive 
circuits by their physical make up; coils for inductances and conducting 
plates separated by a dielectric for a condenscT form a reasonable basis 
for judgment. When both coils and condenscTs are used the circuit will 
be inductive or capacitive according to the dominant reaction in the 
equivalent series circuit. 

There are, however, many devices which are entin'ly misleading as 
to their electrical character. Thus a bronz(* wire, stn'tched tightly across 
a magnetic field, has the app(?arance of a resistance only, plus a slight 
inductance calculated from Eq. (11). • But when alternating current is 
put through such a wire it will vibrate and this vibration across the mag¬ 
netic field will generate an e.m.f. in phases with the wire^s velocity. But 
the stretched string is a mechanically resonant system and the phase of its 
velocity, with respect to the current flowing through the wire, will depend 
entirely upon the ratio of the electrical frequency (of the current) com- 
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pared to the natural mechanical frequency of the wire. If the impressed 
frequency is less than the natural frequency the velocity leads the current 
and so sets up a c.e.m.f. which is 90° ahead of the current, but such a cir¬ 
cuit must be classed as capacitive, and so we must classify the vibrating 
wire as a condenser. 

If the impressed and natural frequencies are the same the velocity and 
current are in phase and so the c.e.m.f. is in phase with the current. Except 
for the slight inductance the wire naturally has (Eq. 11), the vibrating wire 
acts like a resistancCj the value of this resistance, however, being much in 
excess of the ordinary resistance of the wire. 

If the impressed frequency is higher than the natural frequency, the 
velocity of the wire lags 90° behind the current and so the c.e.m.f. due to 
the wire^s motion across the magnetic field lags 90° behind the current 
and so the vibrating wire acts like an inductance. 

A synchronously revolving alternator,over-excited, acts like a condenser, 
and under-excited acts like an inductance. A tuned electrostatic tele¬ 
phone may act like an inductance due to the phase of the diaphragm^s 
motion with respect to the voltage actuating it. 

A small pi(‘ce of (juartz, suitably cut from a good crystal, will vibrate 
vigorously if put in an alternating electric field {piezo electric quartz). 
This expansion and contraction of the quartz sets up variable surface 
charges on the quartz which act as c.e.m.f.s. in the circuit. Such a piece 
of quartz may act like a high resistance, a condenser, or an inductance, 
according to the relative values of the impressed frequency and the nat¬ 
ural mechanical vibrationiil frequency of the piece of quartz. In this case 
we have the interesting spectacle of a slab of quartz with tinfoil coatings 
on opposite faces of the slab, acting like a coil.^ This is perhaps the most 
striking illustration of the physical appearance of a device belying its 
electrical character. 

SHIELDING 

In most laboratory work the problem of shielding one circuit from 
another, for both electric and magnetic fields, is of great importance, 
and recently shielding of one sort or another has been incorporated in 
every good radio receiving set. 

Electrostatic Shielding.—Iwer since the very early days of electricity it 
has been known that no charge resides inside of a closed box of conducting 
material. “ Faraday’s cage ” was the first useful embodiment of this 
idea; recently many research laboratories have constructed completely 
copper-inclosed rooms, where experiments can be carried out free from 
vhe disturbing effects of the electric fields always present in a laboratory 
or electrical shop. As long jis the metal enclosing the room is a good 
»Cady, Proc. I.R.E., April, 1922. 
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Fig. 117.—Induced charges on C prevent 
A having much efTect at ix)int B. 


conductor it may be very thin and yet give practically complete shielding 
from external electric fields. In fact a thin copper mesh, or zig-zag 
arrangement of copper wires covering the walls, ceiling, and floor of the 
room, all connected together and grounded, will suffice reasonably well 
for electric fields of any but the highest frequencies. 

In Fig. 117 is given the idea underlying electrostatic shielding. A 

positive charge at A is producing an 
electrostatic field at the apparatus 
B; to shield from this field the appa¬ 
ratus is surrounded by a metallic box 
C. Induced charges will be set up on 
this box as indicated and the electric 
field at B must now be calculated 
from the original charge A and the 
induced charges on the shield. Now 
the induced charges on this shield will always be such that the net electric 
field inside the shield is zero. 

Generally, parts of the circuit of apparatus B are grounded, and in this 
cavSe currents will run up and down the grounding wires of B^ as charge A is 
moved around. To prevent this effect shi(‘ld C should itself lx? grounded; 
thus its potential cannot change and apparatus B is shielded from external 
electric fields and, further, there will be no currents in its grounding wires. 
The above remarks hold good for all except the very highest fre(]uencies. 

A Cage around a Charge Does Not Shield.—It is to be noticed in 
Fig. 117 that the shield C is placed around the apparatus B and not around 
the disturbing charge A. If the shield were placed around the charge A 
the situation would Ix) as shown in 
Fig. 118. Negative clt^irges are in¬ 
duced on the inner surface of the 
metal box C and positive charges 
on its outer surface. All three 
charges now act at point B and 
the net field is just the same as if 
the shield had not been put around 
A. If, however, the shield C is 
grounded, the positive charge will 



© 


Fig. 118. — If the nhield C is put around the 
charj^e A, no shielding action is obtained 
0016 . 8 .*^ the shield C i.s grounded. 


disappear (electrons run up from the earth) and the resultant field at 
point B will now be zero. 

Effect of Frequency and Resistance upon Electric Shielding. —It will 
be noticed in Fig. 117 that shielding is accomplished by the combined 
action of the induced charges and the original charge. If the resistance 
of the shielding material is very high or the frequency is very high, the 
shielding against the electric field will be correspondingly less perfect. Thus 
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if the shield is merely a wooden box covered with a moist cloth, the shielding 
against charge A will be perfect after sufficient time has elasped for the 
proper induced charges to take their proper places, but insofar as these 
induced charges are less than their proper values, or not in their proper 
places, the shielding is imperfect. The box covered with moist cloth, for 
example, will shield perfectly from charge A while this remains stationary; 
if, however, A is quickly moved toward H, larger induced charges must 
appear on the shield C, and while these extra charges are congregating the 
electric shielding at B is imperfect. 

Shielding against Magnetic Fields. —A magnetic field may originate 
at a permanent magnet or at a circuit-carrying current. The two cases 
offer somewhat dif¬ 
ferent characteristics, 
so we consider them 
separately and P"ig. 

119 takes up the case 
of a permanent mag¬ 
net A , affecting ap¬ 
paratus B. By sur¬ 
rounding B with a box of highly p('rmeahle material (iron or permalloy) 
the magnetic field at B may be made to nearly disappear. If the 
magnetic r(‘luctance of the box C were zero it would require no difference 
of magnetic potential to maintain the induced magnetization and the 
shielding would Ik' perfect. The shielding is the more perfect as the 
reluctance of the shielding box C approaches zero. 

It might be thought that surrounding the north pole of the magnet by 

t he shielding box C would 
reduce the magnetic field 
at B to zero (Fig. 120), 
but such is not the case. 
The amount of shielding 
by such a procedure is 
practically nil, corre¬ 
sponding to the case of 
electric fields shown in 


-Space /i may be sliiekled from magnet A by a 
highly permeable shield C. 



© 


Fig. 120.- 


-Putting an iron shichl over one pole of the 
magnet does not shield i>oint B. 


Fig. 118. Induced magnetic charges (whatever those are) appear on shield 
C, negative charge on the inside and positive charge on the outside, and 
the combined effect of these charges and that of the magnet itself is 
nearly the same as if the shield were not present. 

If, however, the shielding box C is made to surround the whole magnet 
(Fig. 121) and the box C is of low magnetic reluctance, the shielding is 
practically perfect and there will be no magnetic field at B. This case 
corresponds to the case given in Fig. 118, when the shield is grounded. 
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Shielding against Electromagnetic Fields. —The amount of flux from 
a permanent magnet is fixed, independent of what changes are made in 

its magnetic circuit. Thus 
a horse-shoe magnet with 
the keeper, or armature, in 
place, has no more flux than 
when the keeper is removed. 
But if the permanent 

Fig. 121.—Surrounding the whole magnet hy a ii^agnet is replaced by an 
permeable box C will successfully shield point B. electromagnet, the condi¬ 
tions are entirely different; 
with the keeper in place the amount of flux may be hundreds of times as 
great as when it is taken away. This is an essential difference in the two 
cases. 



Fig. 122. —Putting a heavy iron Fio. 123.—To shield a point from the 
pipe C around a wire A, effect of alternating currents other 

carrying current, does not alternating currents in oi)po8ite phase 

shield point B at all. must be us^id. 



If a single conductor carr>dng current is surrounded by a heavy iron 
pipe, there is just as much flux density outside the pipe (and inside too for 
that matter) as if the Iron pipe were not there. In Fig. 122, A represents 


the cross-section of a conductor carrying current, 
giving a certain undesired magnetic field at 
apparatus B. Putting a heavy iron pipe, C, 
around the conductor A does not change the 
magnetic field at point B in the least. The total 
flux around A has been greatly increased, but the 
density of the field at B is unchanged. 

If an iron box, however, is placed around B, 
then this point is nearly shielded; how perfect the 
shielding is depends upon the magneticr reluctance 
of the box. 



I'lo. 124.—A coil arrange¬ 
ment for studying 
shielding action. 


Shielding against Changing Magnetic Fields. 


—Changing magnetic fields are in general set up by coils carrying varying 


currents, in the general case, alternating currents. Now it will be noticed 


that to shield against electric charges we depended upon induced charges 
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of opposite sign, to shield against magnetic poles we depended upon in¬ 
duced p)oles, and similarly to shield against changing electric currents 
(which set up both electric and magnetic fields) we must depend upon 
induced electric currents of opposite polarity, that is, opposite direction. 
To shield B (Fig. 123) against the combined electric and magnetic effects 
due to the alternating current in A we 
must induce in the shielding circuit, 

C, a suitable alternating current. In 
the case shown the shielding current 
can flow only in the two-turn coil C, 
and because of the confining of the 
current to this restricted path, the 
shielding will be correspondingly less 
than perfect. To completely shield 
space B we must surround it by a 
perfectly conducting box. The shape 
of such a box is of no importance, but 
it must be as nearly a perfect conductor 
as possible. 

The shielding action of the currents 
in such an enclosing box can well be studied by a coil arrangement as shown 
in Fig. 124, which shows in plan three short solenoids. If alternating 
current is sent through coil 1, its alternating magnetic field will reach in 
to Coil 2 and so set up an induced voltage in this coil. The magnitude 
of this induced voltage (for a given current in Coil 1) is a measure of 
the mutual induction between coils 1 and 2. 



Fig. 125. —Effect of increasing resis¬ 
tance of coil 3 (Fig. 124). 



Fio. 126.—Showing how shielding action increases with frequency. 


Now if coil 3 is closed, it will have currents set up in it by the alternating 
field of coil 1, and these currents will tend to diminish the amount of alter¬ 
nating flux reaching coil 2 from coil 1. The voltage induced in coil 2 will 
therefore be diminished. This decrease in induced voltage in coil 2, 
expressed ns a ratio of the voltage induced in coil 2 with coil 3 not acting 
(open-circuited), is a measUre of the shielding action of coil 3. 





282 resistance— INDUCTANCE—CAPACITY—SHIELDING [Chap. II 


An analysis of the amount of this shielding shows that^ 

AMi-2/Mi-2 = K'^//Z3- .(46) 

If then the resistance of coil 3 is increased, reactance remaining fixed, the 
shielding must diminish. In Fig. 125 this action is shown; the resistance 



Fig. 127. — Metal jilates shield 
better than coils; the shielding 
currents are distributed in bands 
in the plate. 



Fig. 128.—Shieldinj^ efficiency of copper. 


of coil 3 was increased, and the shieldinfc, AMi _i>/3/i _ 2 , measured. In Fig. 
125 the experimentally determined points, as well as points calculated from 
Eq. (46) are plotted. 

It is also evident from I]q. (46) that if the resistance of coil 3 stays fixed, 
the shielding will increase with frequency, becoming asymptotic to the 

value K which depends upon 
the relative placing of thethree 
coils. I'ig. 126 shows this 
change in shielding with fre¬ 
quency change 

If a metal sheet is used in 
place of coil 3 it is evidently 
difficult to write an exact 
theory because the paths of 
the eddy currents in the metal 
sheet are difficult to evaluate. 
Fig. 127 gives an indication of 
the action; the eddy currents 
flow mostly in that face of the 
metal sheet ckxser to coil A and 
of course in phase relation nearly 180° behind the current in coil A, The 
plus and negative signs in Fig. 127 show somewhat the distribution of 
current in the cross-section of the metal sheet. 

Quite evidently the shielding action of such a sheet will increase with 
thickness and with frequency. Fig. 128 brings out this idea very well. 

* Sec article by Morecroft and Turner, Proc. I.R.E., August, 1926. 



Frequency 

Fig. 129.—Shielding efficiency of tinfoil. 
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The copper sheets were 6 in. square, and the coils A and B were 4 in. in 
diameter, placed coaxially and quite close together. 

The higher the resistance of the shielding metal the le.sswill the shielding 
action be, as shown by Eq. (46) and by Fig. 125. This action is also shown 
by comparison of Figs. 128 
and 129, the latter for tinfoil 
and the former for copper. 

Shielding Increases 
Losses. —Of course the eddy 
currents in theshielding plates 
must increase the effective 
resistance of the coil setting 
up the changing magnetic 
field, which produces these 
eddy current s. Theory shows 
that the resistance added by 
the shielding currents will be 
a maximum for a certain 
thickness of shield, for any 
definite frequency and kind 
of metal, and this is brought 
out by the curves of Fig, 130. 

Of course the shielding action continues to increase as the thickness of the 
shield is increased (sec*. Fig. 12S), but the resistance caused by the shielding 
action is a maximum for a definite thickness of sheet. For example, at 
a frequency of 2500 cycles, a copper shield 0.0071 cm. thick causes more 

increuvse in resistance 
than other sheets either 
thinner or thicker. 

In comparing the rel¬ 
ative merits of copper and 
iron sheets for shielding 
purposes, it is to be re¬ 
membered that at very 
low frequencies low value 
eddy currents are set up, 
so shielding due to their 
action must necessarily 
be small. However, iron 
sheets will still give shielding because of the high permeability, so that we 
might expect iron to be better at low frequencies and copi>er at the higher 
frequencies. Fig. 131 shows this to be the fact; it happens that for the 
grade of iron tested, copper and iron are about equally effective for 1000 
cycles per second. Below this frequency iron is better. 
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Fia. 131.—Comparison of iron and copper shcet-s .as 
shielding material. 



Fifj. 130.—Resistance cau.sed by shielding plates 
varies with frequency, material, and thickness 
of material. For one frequency a certain 
‘hickiicss gives ma.ximum resistance. 








CHAPTER III 


LAWS OF OSCILLATING CIRCUITS 


Discharge of a Condenser through an Inductance and Resistance in 
Series. —Practically all radio sets which send out damped (or discon¬ 
tinuous) waves generate the high-frequency currents required by charg¬ 
ing up a condenser from a suitable source of power, then letting this con¬ 
denser discharge through an inductance in series with a spark gap. In 
general the oscillatory power so generated is transferred by coupling of 
some kind to another circuit from which it is radiated. The investigation 

of the form of oscillatory current in these 
coupled circuits will be taken up later in 
this chapter, we shall first investigate the 
discharge of a condenser in the single 
circuit. 

In Fig. 1 is shown the circuit; the con¬ 
denser C charged to voltage E is to be 


-ww- 


Fio, 1.—The charged condenser C w c t i 

. , r, connected to the circuit consisting of L and 

wm discharge through L and H , i i 

when switch .S is closed. series when the switch .S is closed. 

The .switch is not u.sed in the actual radio 
circuit, a spark gap performing its function, but the resistance of the 
spark gap somewhat complicates the analy.sis so that its action is de¬ 
ferred until a later paragraph. 

It will be supposed at first that the conden.ser has no leakage; the 
equation of reactions of the circuit after the switch is closed is, 

(li 

L A-Ri-^rv — Of 
(it 

V being the voltage across the condenser at any instant. Then 

, fRi , (H dv 


But we know that 


80 we have 
or 




jlv 

dt 


^ dH , di i 

R di i 
234 


(1) 
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The solution of a differential equation of this kind is obtained by an 
intelligent guess” It is evident that i must be a function of t and 
furthermore that this function must be of such a form that the second 
derivative of the function plus the first derivative multiplied by R/L plus 
the function itself multiplied by 1/LC must add up to zero. By trial we 
find that if the current is of the form 

I —A ( 


Eq. (1) will probably be satisfied. Using this function we have 


and 


"Y “ tuA c , 
dt 


(Pi 

dP 


Substituting those values in Kq. (1), we get 

. (.„) 

As no useful solution is obtained by putting A=0, wo use the condition 

There are two roots to this equation either of which will satisfy it. As 
Eq. (1) involves the second derivative of i we know there must be two 
independent solutions for i and these two values of m which we call mi 
and 7712, permit the two required solutions being written. The complete 
solution of Kq. (1) is the sum of the two particular solutions, so we write 
as the complete solution 

+ . ( 2 ) 

where 

R rR'^ r 

’"■"2Z*V42?“Zc“““=^* 

So we have 

t = .(3) 

As initial conditions we have, at the instant the switch is closed (<=0), 
t=0, so from (3) 

0=Ai+A2. 


t=0, Ri=0, so 



E 


V 


Also if 


( 4 ) 
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Using (3) we get 


dt 




and at / = 0 this gives 

— a{A I +^‘i ■>) + 1 — dA-y) = (d — «)-‘l I “ ( 0 +oi)A2, 

dt 


so 



{^ — a)A I — (/i + a).42 


(5) 


Solving (4) and (5) for .4i and .I 2 we get 

E 


K 


. 1 , = --^ an.i 


which values sul)stitut(‘d in U(i. (3) giv(' 


in which 


i - 



- ut / 

(< 


R , / ■ T 

- 2 /, 


(») 


The quantity a is always real, which tiu*ans that th(* amplitude of the 
current continually d(*crea.'^*s with increa.s<- of tim^*. 4’he ruiantity 
wliich delerinines the* form of tla* curnuit, while it is d(‘eaying, 
dejxmds f(jr its value on the (plantity d\ this may 1 h* either r(‘al or imag- 

inarv', according as a- is greater or less than The form of tin* current 

will be analyzed for the thre«‘ conditions - 


a2> 


LC^ 


LC' 


a-< 


LC' 


Case 1. 

LC 


In this case /3 is a real quantity so we have 
pL \ 2 ) fiL 


*■"' sinh fit .(7) 
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The negative sign indicates that tne effect of the current is to decrease 
Ey i.e., to release the charge on the condenser—as to whether or not cur¬ 
rent is actually positive or negative depends upon the polarity of charge 
on the condenser assumed positive. 

The form of current in this case is shown in Fig. 2; the lines properly 
marked give the two terms and sinh The figure is drawn to scale 
for £'=100 volts, C = 10/i/, £ = 0.20 lienry, and 7^ = 500 ohms. By cal¬ 
culation we find a = 1250 and (i= 1030. 

The maximum eurnmt is reached at a time calculated from putting 
the first derivative of Kq. (7) equal to zero. 



Fl<J. 2. - C;il('ul»trU rurn*nf whoa tho R nf l it;. 1 is tt>o hi^h for oscillator^” 

«lis«*h:irt;c. 


This results in the etjuation 


i^ — a 


or 


1 a+0 


. ( 8 ) 


Fig. 3 shows two oscillograms of a condenser discharge current for the 
case just analyzed. 


Case 2. 

IjLy 
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In tliis case we have /3 = 0. We write the current in the form, 



the value of the expression in the parenthesis Innng indeterminate. Wo 
evaluate it by differentiation and get, 



\QiCZ£JLJS 


Fio. 3.—OftoilloKHims of diftcharKos nimilar to Fi^. 2. 
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Hence in this case the equation for the discharge current is, 


The graph of such a discharge current is shown in Fig. 4 for £=100 
volts, C = 10 m/, £= 0.20 henry, and £ = 282.3 ohms. 

The time at which maximum 


current occurs is obtained as 
outlined for the pr(!vious case and 
yields the condition that, 

. . . ( 10 ) 

a 

For the conditions given this 
time Ls 0.001410 second after 
closing the switch. 

Fig. 5 shows an oscillogram 
of such a critically (lamiXHl 
circuit; the time scale on the 
low(‘r part of the film ixTinits 
the validity of (10) to 

checked. 

. 1 

C'asK 3. 



Fir*. 4.—Discharge in a circuit in which R 
has the niinimum pessihle value without 
I)ermitting oscillatory discharge. 


. ^ o c ’ji c /x /rc c* 




7 7^/ 

^ ~ 9 ji >7 


/lc>. 




• f n'S ^ C if 


' M ' A ^ ^ M ‘ M ' M H ' ^ 


Fio. 5.—Owillogram of current for conditions assumed in Pig. 4. 
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In this case /3 becomes the square root of a negative quantity, and we 
write it 

Then from Kq. (6) 



Fig. 6.—Value of R of I'i??. 1 Munirimitly to the ordinary oscillatory dia- 

cdian'f*, a ‘‘daiiifK’d .vine \vriv(‘.” 


The current in this ease is oscillatory, its frefiuoney Inang fixed by 
the value of cj; the i(‘rm €~'*^ repres<*nt.s tlu* decay of the current, and 

the theoretical maximum value of the current is givtui by —. 

u}L 

In Fig. 6 arc plotted, in dotted lines, each of the terms of Eq. (11) for 
a circuit of E= 100 volt.s, C= 10 m/, L = ().20 henry, and R = 50 ohms. 


We have 


2L“2X0.20“^ '' 


^0.2X10 


125 ‘'« 695 . 
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But w = 27 r/, hence 


/=-^ = 110.5 cycles per second. 


The actual equation for the current is then, 

100 




695X0.2 


sin (27r 110.5 0. 


This curve is shown in the full lines of Fig. 6. It is generally called a 
damped sine wave,'' the term giving the damping. In Fig. 7 is 
shown the oscillogram of a damped sine wave showing how the actual 
current is of the form indicated by Eq. (11) for two values of resistance. 

Effect of Condenser Leakage.—In case the condenser has appreciable 
leakage the solution takes a slightly different 
form. The circuit is now as shown in Fig. 8; 
the energy stored in the condenser when the 
switch is closed is partially consumed in the 
series resistance /?, partially consumed in the 
leak resistance r, and the rest transformed 
into magnetic energy in the coil; then the 
magnetic energ>^ in the coil is transformed 
back to electrostatic energy in the recharged 
condenser, but during the transformation more of the energy is wasted 
in R and r. 

It was shown in Chapter II, Eq. (36), that a shunt resistance might be 
replaced by a resistance in series, and such might be done in Fig. 8. It 
would at once reduce the circuit to that of Fig. 1 and thus the problem 
would l^e solved. 

So far as decrement is concerned this might be done; the power loss 
in the actual shunt resistance being the same as that in its equivalent series 
resistance we w'ould expect the damping to be the same for either arrange¬ 
ment. However, there are some differences in behavior in a circuit having 
leakage and one having none, so we will solve the problem with the leak 
resistance left as such. The differential equation of the circuit becomes 


Fig, 8 .—Oscillatory circuit 
in which the condenser is 
“leaky.^’ 


^ dz' . ^ ^ di dv ^ 

di dl^ dt dt 

We have and ic=t+tg where 4 = ^ being equal to -. 

dt r 

di , di 

Now, in magnitude, t) = L —so that i,^gL ~+gRi. 
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dv i 

Substituting then ~t = ^ and using the value of ig just obtained, we get 

etc V-/ 

d^i di 

LC—+(RC+gL)-+ii+gR)i=0, 


which may be written 


dH 


iJ i±^Y=n 


( 12 ) 


This equation is similar in form to (1) and its solution is of exactly 
the same form. For this case, however, we have 


“ 2L'^2C’ 


(13) 


and as 


/3 




LC ' 


we find by combining terms that 

.(H. 


The three cavses considered in the previous section occur also for this 
circuit; the conclusions reached are the same, except where previously 


2 L 


determined the damping, we now have the quantity 


(-+4 

\2L 2CJ 


The conditions for oscillations or no oscillation are affected by the con¬ 
denser leakage in a manner not to be expected; with no leakage the non- 
oscillatory condition is reached when 


R _1_ 

VlC 


and for the leaky conden.ser the criterion is 



That is, a circuit which has sufficient series resistance to be critically 
damped may become oscillatory if sufficient leakage is introduced across 
the condenser. 

For the circuit considered in the previous section the non-oscillatory 
condition was reached when R was adjusted for 282.3 ohms; we then 
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had a = 707. If we now shunt the condenser by a leak resistance of 1000 
ohms we have 


282.3 10^ 

_4. j__ 757. 

2X0.2^2X10' 


KXAOiil lOy LllCVlJ 1 . 


that is, greater than before, but we now have an oscillatory circuit because 

lan we have 1 he unexpected phenomenon 

of increased damping changing a non-oscillatory circuit to an oscillatory 
one. Fig. 9 shows the three currents for the circuit with leaky condenser, 
as in Fig. 8. 

The frequency of the free oscillation is lowered by the series resistance 
of the circuit, but it is raised by the effect of shunt resistance until this 



Fin. 9.—Calculated currents for circuit dei)icted in Fi;^. 8. 


shunt resistance reaches (he value such (hat — = 

Ij (J 


If the shunt, or leak 


resistance, is made still l(‘ss the fn'quency will again decrease; from this 
it is seen that the effect of a leak resistance (with no series resistance) 
is to increase the damping and increase (he period, just as is the case for 
a series resistance above, but that when botli are present the damping 
is increased by an amount depending on (he sum of the s(‘ries resistance 
and leak resistance, but that the effect of these t>vo on the period is sub¬ 
tractive, and that a certain relation betweem them suffices for complete 
neutralization, so that the natural period is the same as it would be if the 
circuit had no dissipative reactions at all. 

Frequency—Wave Length. —In the previous paragraph the frequency 
of an oscillatory discharge was shown to be fixed by the damping, indue- 
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tance, and capacity. The effect of the damping constants in the fre¬ 
quency is, in ordinary radio circuits, so small that it can be neglected with¬ 
out appreciable error, so that this formula for frequency of an oscillatory 
circuit becomes 


or 


/= 


1 

2WlC 


(15) 


In the formula / is in cycles per second, L in henries, and C in farads. 
Now in radio circuits the values of L and C are more generally measured 
in micro-units and the formula becomes, 


2wVlc’ 


(16) 


where L is in microhenries and C in microfarads. 

It has been customary to use the term wave length in radio literature, 
instead of frecjiKuicy. When an antenna is excited by an oscillatory cur¬ 
rent of frequency / it scaids out over the (‘arth’s surface eU'ctromagnetic 
waves which travel out from the antenna with the velocity of light, i.e., 
3X10'^ meters per second. In any wave phenomenon the frequency and 
wave length (always designatcal in radio b\^ the symbol X) arc connected 
by the formula 

.(17) 


where V is the vcdocity of travel of the waves. We therefore find for the 
value of wave length of these electromagnetic radiations 


X 


r 

7 


:5xio’^x2jrVTr 


= 1885VZC. 


(18) 


In this formula X is given in meters, L in microhenries, and C in microfarads. 

Relation of Current and Voltage in Oscillatory Circuits. —The equa¬ 
tion for the discharge of a condenser for the ordinary condition (Case 3, 
p. 290, Kq. 11) is 

E 

z=-- sin 0 )^, 

coL 


in which 


R 
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and we have said that in the ordinary radio, circuit w is approximately 
equal to 

_1 _ 

vie' 


Eq. (11) therefore becomes, 



_m 

€ sin 


t 

vie' 


(19) 


The maximum current occurs one-quarter of a cycle after closing the 

switch, nearly; the effect of the damping term e is to make the current 
a maximum shortly before the quarter cycle interval. The value of this 
current, neglecting the small effect of the damping for one quarter cycle, 
is equal to eV c/l. 

Now this could have been predicted from the consideration of energy 
in the circuit; before the switch is closed all the energy is in the condenser 


and is equal to 


CE^ 

2 ‘ 


One quarter cycle after closing the switch the 


voltage across the condenser is zero, so that all the energy must be in 
the coil, hence we may put 


CE^ LP 
2 2 ' 


or 



as we had before. 

In an oscillatory circuit there is a certain amount of energy oscillating 
back and forth from coil to condenser, and being wasted during the trans¬ 
fer. The frequency of tran.sfer will be the same no matter what the 
relative value of L and ( 7 , so long as their product is constant. It is 
sometimes desired to establish resonance in a circuit and keep the voltage 
low; in such a case a low value of L and correspondingly high value of 
C should be cho.sen. In radio receiving circuits, however, it is generally 
desired to obtain as high a voltage as possible; this is done by using as 
low a value of C as possible (sometimes as low as 100 micro-microfarads) 
and a correspondingly high value of L. 

Damping and Decrement. —In Eq. (19) the factor e represents a 

R 

logarithmic decrease in the amplitude of the current; the value of — 

2L 

is called the damping coefficient of the circuit. For the average radio 
circuit this coefficient is of the order of 1000 to 10,000, being greater the 
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shorter the wave length of the set. The damping coefficient multiplied 
by the time of one cycle is called the logarithmic decrement or merely the 
decrement of the circuit. 

If we write the values of successive maxima of current (maxima in the 
same direction) we shall have from Eq. (19), calling T the period of oscil¬ 
lation, 

\c T. Z 

Ii=-EyJ-e 2L4=:/oe 2L4 


/2=7oriri(i+^’) 

/..j =7 „ r i. (4+- ’’)=7. et c. 


From these we get 


h 

I 2 


I 2 

h 


h 

Li 


etc. = 



6 


where h is the decrement of the circuit. As ^ = y it is evident that 

H 

^~2fL . 


( 20 ) 


An ordinary radio set has a decrement about 0.1; the large stations may 
have a decrement as low as 0.02, while the upper limit for a transmitting 
station is 0.2, this being fixed legally as the maximum decrement a spark 
station is allowed. As is evident from Eq. (20), the decrement of a cir¬ 
cuit depends directly upon the resistance of the circuit, this resistance 
being interpreted in the broadest sense as suggested on page 163. In 
transmitting stations the ground resistance of the antenna is likely to 
be very important in its effect on the decrement. The decrement meas¬ 
ured from the upper curve of the film of Fig. 7 was 0.150, while that cal¬ 
culated from the constants of the circuit was 0.152. 

In a continuous-wave transmitting station the source of high-frequency 
power maintains a constant amplitude to the successive cycles and the 
station is said to have a zero decrement; in certain receiving circuits 
using a vacuum tube for receiver, the effective resistance of the circuit 
is made to approach zero as nearly as desired, thus making the decrement 
of the receiving set approach zero. As explained in Chapter I, pp. 79-87, 
the decrement is the important factor in determining the selectivity 
of a receiving circuit, as it determines the sharpness of resonance. 

Decrement Determined by Energy Waste per Cycle. —The decrement 
may be defined as the ratio of the energy dissipation per cycle to the energy 
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transferred during the same interval of time. Neglecting the small change 
in value of maximum current during one cycle we have: 


Energy dissipated per cycle = 


2 /' 


where 1 is the maximum value of current. 

Suppose we consider the cycle to begin when I has maximum positive 

LP 

value and all the energy is in the coil, this energy being equal to 


Now during one cycle this energy flows from the coil to the condenser, 
back to the coil (when I goes through its values of opposite polarity) 
back to the condenser and then back to the coil. The energy makes 
two complete transfers through the circuit so that the amount of energy 
transfer during one cycle is 



Hence, 


HP 

Energy dissipated 2/ R 
Energy transferred LP 2/L 


If the above analysis were carried through rigorously (taking account of 
decrease of I during the cycl(‘), it would be found that the above relation 
for 5 is correct. 

Current, Voltage, and Energy in a Damped Wave.—During the decay 
of a wave train the corresponding maximum values of electrostatic energy 
of the condenser and electromagnetic (uiergy of the coil remain practically 
equal; the voltage across the condenser goes through the same changes as 
does the current throufth the inductance. Using the relation between the 
voltage across the condenser and the current in the circuit 


run 

ec-J 

we get from Eq. (11) the approximate relation 

€c = E cos 0 ?/. 


At any instant, therefore, the energy in the condenser is 

= " COS“ 0)t. 


And we have for the energy in the coil, 


Wl = 


Lli^ 


~2at 


sin^' o)t. 
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If we substitute for Iq its value determined above 



and then add 


we get 


CE^ 

Wc + Wl = W = ——€ 


( 21 ) 


From the equation we see that the original energy stored in the con¬ 


denser, 


CE^ 
2 ^ 


undergoes a logarithmic decay, with damping coefficient 


twice that of the current. 

The curves of current, voltage, and energy are plotted in Fig. 10; the 
total energy is obtained by adding the corresponding instantaneous values 



Fio. 10.—Conventional energy eiirve representation in an oscillatory circuit. 


of the magnetic and electric energy. In reality the current and voltage 
arc not exactly 90"^ out of phase, due to the effect of the resistance of the 
circuit so that the addition of the two components of energy does not give 
the smooth exponential curve shown in Fig. 10, but a wavy exponential 
curve as indicated in Fig. 11. Here a decrement of 0.3 has been assumed, 

giving a power factor of “*=0.0955; the phase difference of E and I is 

TT 

therefore 84.5^. The energy for the electric and magnetic fields no longer 
adds to give the smooth energy curve of Fig. 10, but indicates that the dissi¬ 
pation of energy from the system is more rapid at certain parts of the cycle 
than at others. When all the dissipated energy appears in the form 
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of heat in the series resistance (as supposed for Fig. 11), the maximum 
rate of dissipation corresponds with the time of maximum current as it 
should; when the current is zero there is no energy being dissipated. 

In case the condenser used in the oscillatory circuit is a leaky one, 
with leak conductance, the energy dissipated while an oscillatory cur¬ 
rent is flowing is used up partly in the series resistance of the circuit 
and partly in the conductance across the circuit. The rate of energy dis¬ 
sipation in the series resistance is PR and the rate of energy dissipation 
in the leak is epg. It will be noticed that these two power losses do not 
have their maxima at the same instant; when Cc is a maximum i is prac¬ 
tically zero. 



Fio. 11.—Actual energy curve for an ordinary oscillatory circuit. 


If the series resistance and shunt resistance are properly proportioned 
the power dissipated in each will be the same*; the proptT ratio is obtained 
by putting 

/-« = /!,’2jr=—. 

r 

Now we have. 


and so, 


FP 

r 


from which 


1 1 
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The relation may also be expressed 



or we may also put it in the form, 


L C 


Such a proportionality ‘ in the series and shunt resistances of the cir¬ 
cuit will result in a power consumption in the oscillating circuit which 
does not fluctuate throughout the cycle as it does when the relation is 
not maintained. Hence the energy decay in the circuit is not a wavy 
line as given in Fig. 11, but a smooth logarithmic curve as given in Fig. 10. 

It is interesting to note that this proportionality of series and shunt 
resistances is the same as is required to make the natural period of oscil¬ 
lation the same as if no di.ssipative reactions were present in the circuit. 
The natural period of such a circuit wiis given in E(i. (14); it is seen that if 

R_ cj 
L~'& 

then 

__ 


Oscillatory Discharge through a Spark Gap. —If the oscillating cir¬ 
cuit contains a spark gap the current is not of tlio form indicated by Eq. 
(11), because of the influence of the 

gap; as pointed out on pag(‘ 204 the -_ 

resistance of a given spark gap is not l 

constant but depends upon the cur- --^ Rj/'^Spark gap 

rent flowing through it. The resis- ^ j 

tance of the gap is smaller the higher -VWWW/—’ 

the amplitude of current throuKh it, oirruit in which a 

ils is more or less evident from the spark gap is used, 

appearance of a spark. The greater 

the current through the gap the larger is the cross-section of the hot, 
ionized gas conducting the current, and the more intensely is it ionized, 
both of these effects lowering the gap resistance. 

' The same projwrtionality has a |)eculiar significance when applied to long con¬ 
ductors, such as telephone lines. It was first pointeil out hy O. Heaviside that such 
relation between the various constants of a line give so-called “distortionless’' trans¬ 
mission of speech waves. ' 


-"WRT-i 




-A/vvvwv-^ 
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When a charged condenser discharges through the circuit represented 
in Fig. 12, the equation of discharge is 

L~+{R+R,)i+v^0, .(22) 

where Rg is the resistance of the spark gap. If Rg can be written as a 
simple function of the current this equation can be solved, but it is quite 
likely that the function is a complicated one, d(q)ending not only on the 
magnitude of current, but on the frequency of the oscillations. 

The value of Rg undoubtedly varies a great deal throughout the cycle, 
but these variations can have much less effect on the magnitude and shape 
of the current than might be supposed. The resistance reaction is the only 
reaction limiting the value of the current of fundamental frequency 

^approximately 2 upjx'r harmonics which the cyclically 

varying resistance might tend to produce in the circuit would be opposed 
by a reactance several hundred times as great as the nvsistance, because 
the inductance and capacity reactions balance only for the fundamental 
frequency. Hence the cyclical change' in resistance may be neglected 
in so far as its affects the solution of the oscillatory current defined by 
l^:q. (22). 

By means of a Braun tiilx^ oscillograph photographs have been taken 
of the oscillations in such a circuit as that of Fig. 12, and the commonly 
accepted interpretation of these photographs is that the decay of current 
is linear with respect to time instead of exponential, as given in Fq. (11). 

On the assumption that the resistance of the circuit did not affect 
the frequency and usinjr the experimental data given by Zenneck, J. S. 
Stone has shown that if the gap resistance is written 


Ru = 


2BL 
A-in' 


A and B Ix^ing constants, and the other resistance in the circuit is negligible 
the solution of Eq. (22) becomes. 



where /2o = initial resistance of spark gap. Although not so stated in 
Stone’s paper, this value Ro must be approximately its resistance at. the 
first current maximum. The other symbols have their ordinary meanings. 
The solution is really of little importance in radio work, because in no 
case is the spark gap the controlling factor in a radiating circuit. Such 
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a circuit would use up practically all of its stored energy in heating 
the spark gap, so it is practice to remove the high-frequency power from 
the spark-gap circuit as quickly as possible and let it radiate from a cir¬ 
cuit which has no gap. Even when the energy is in the spark-gap circuit 
the resistance of the gap is small compared to the resistance introduced 
into this circuit by the coupled ardenna circuit as indicated by Eq. (108),p. 125. 

The current of Eq. (23) is diffenmt from that of Eq. (11) in that the 
successive maxima have a constant difference, whereas those of Eq. (11) 
have a constant ratio. I'hus the linear damping gives a wave train (group 
of oscillations) which has a definite end, whereas the logarithmic decre¬ 
ment never actually reduces the current to z(‘ro. 

Number of Waves in a Train. —W'lien an oscillatory current is expressi¬ 
ble by Eq. (19) it is evident that there must be an infinite number of cycles 
per discharge of the condenser (or per wav(‘ train); the damping factor 

€ makes the current approach zero value, but theoretically it never 
reaches the zero value. It is customary in radio practice to say that a 
wave train has ended when the current amplitiuU^ has fallen to 1 per cent 
of its initial amplitude; this means of course that the energy remaining 
in the circuit is only (1 per cent)-= 0.0001 of its initial value. 

The successive maxima of current are n^lated by the equation 

and if 

/, 

7 = 190 , 

I n 

we have 

loge 100= {n — 1)5, 


or 


•l.()-f 5 


(24) 


Thus if the decrement of an antenna is 0.05 there will be 


4.6 + 0.05 
~0.05 


= 93 


complete cycles before the energy has been sufficiently dissipated to reduce 
the current to 1 per cent of its initial value. 

In the case of a linearly damj)ed wave train the number of waves is 
very few, {)rincipally because if the gap resistance is so large that the rest 
of the circuit resistance is negligible (a necessary assumption for linear 
decrement) the decrement is of such a. high value that the wave train 
cannot have more than perhaps five to ten cycles before it is completely 
finished. 

It is interesting to note that at the end of a logarithmically decaying 
wave train th(‘ condenser in tli<? circuit is completely discharged, while 
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the circuit with linear clocrcmont may leave a considerable charge in the 
condenser at the end of a wave train. When the resistance of the spark 
gap becomes too high, towards the end of the train when the current is 
small, the gap opens (probably at a time when the current is zero), leaving 
the condenser charged to some appreciable voltage. 

Effective Value of Current in a Damped Wave Train. —The effective 
value of a damped sine wave may be obtained by integration of the heat¬ 
ing effect of the current 

I- = 7 r, f sin 


Evidently the value of this integral will vary with the length of time over 
w’hich the integration is extended, and is to this extent indet('rminate in 
value. As in practice one wave train follows another in rapid succession 
we are really interested in an integral of the form, 

p = f (/o€-“sin o:ty-dt = A7u- 
7() 

where N is the number of discharges per second. 

This may be integrated by standard methods, after expressing the 
sine in the form of exponentials, and thes(‘ yield the solution, 


/ 


sin- o:t dtj 


Now we have 

and 

so 


So 




} = 27r/ 




a=fd, 


1 




Now 


• Q-)” 


for the most radio circuits, negligible compared to 


unity. If we write in place of the theor(*tical value of current /o^, its 
C 1 

equal, *r, and put- y we get th(i expression, 


1 + 


(0 


NE^C NE^C 
4f6L - 2R ’ 
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We could have obtained the same result by noticing that all the energy 
stored in the condenser is transformed into heat or radiation by the oscil¬ 
latory current. So we can put 


as before. 

The value of 7 is what a hot-wire meter in the circuit would indicate; the 
maximum instantaneous value of the current directly after the discharge 
starts may be a hundred times as great as the value given by Eq. (25). 

Effect of Neighboring Circuits on Frequency _ 

and Damping.—If another closed circuit of in- 1 S 

ductance and resistance is so situated that cur- j 

rents are induced in it by the oscillatory current j 2) 

of the first circuit, the damping of the first circuit | 

is increased and the frequency is increased be- I Sl 

cau.se of the decrease in inductance. The changes i 

in L and R due to the extra circuit are calculable — IX. 

from luis. (95) and (90) of Chapter I; the effect 

on the decrement is increased not only by the -- 2)*"* 

incn'a.se in A*, but also the decrease in L. 

In spile of the.se effects it is .sometimes the io x j- 

* Fiq. 13.—In many radio 

practice to intentionally short-circuit part of the p.^rt of the multi¬ 
coils in a receiving or 1 ran.smitting set. Thus in st'ctional t^ansmittin^? 

Fig. 13 is shown a diagram of such a scheme; the inductance LrL. Li is 

inductance is made in three s(‘c1ions, connected circuited when 

oloctrically, and also inagnot ically. When being blnotulllv u^'for 
used for short wave lengths (high frequenc^O transmitting, 
only one s('ction of the inductance, L\, is con¬ 
nected in series with the condenser, the others being used when longer 
wave lengths are desired. Now with the connection as shown, the induc¬ 
tance acts like an autotransformer, generating very high voltages at the 
open end of the coil. This high voltage may cause excessive losses due 
to both corona and dielectric los.ses in the insulating supports. Also the 
voltage generated at the free end may be high enough to break down the 
coil insulation. To obviate these difficulties the parts Lo and La are 
short circuited, as shown by the dotted line, thus increasing the decrement 
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of the L\C circuit, as noted above. The decrement may in certain cases 
be even less with Li and Lw short circuited than it would be if they were 
not short circuited. 

Effect of a Neighboring Tuned Circuit on an Oscillatory Discharge.— 

When an oscillatory discharge takes place in a circuit to which is coupled, 
either by mutual capacity or mutual inductance, another circuit consist¬ 
ing of inductance and capacity, the form of the current is no longer a 
simple logarithmic decay, but is much more complicated, the exact form 
depending upon the coefficient of coupling between the two circuits, the 
relation between the natural frequencies of the two circuits, the resistances 
of each, and the type of spark gap u.sed in the discharge circuit. 

Before anyone takes up tlie study of the coupk'd circuits he should 
make himself a simple piece of apparatus, which otYers the s:im(' peculiar¬ 
ities to motion as coupled 
circuits do to current. This 
apparatus is shown in Fig. 
14; it consists of a board 
about 10 cm. by 30 cm. with 
two upright posts about 30 
cm. high fastened at the 
ends of th(‘ board. Across the 
tops of th(‘ two posts is fast¬ 
ened a string and from this 
string an* suspended two 
fX'iululurns, .4 and /f, the 
length.s of which an* readily adjustabk* and which can lx* .slid along the sup¬ 
porting string .so that their points of support a and />, can be s(‘parated 
or brought together. 

This sirnpk* piece of apparatu.-; i.^ tlu* riiechanic*al analogue of two re.so- 
nant electrical circuits; (*ach of tlx* p(*nduhun.s has a natural p(*riod of its 
own and as it swings it t(*n(ls to make tlu* oth(*r p(*n(luluin oscillat(* also. 

Suppose that bob .4 is pull(*d to one side, bob li b(*ing stationary; 
as A swings sidewi.si* it, of coursi*, pulls its fioint of support, a, sid(*wise 
and thu.s pulls point b .‘^id(*wi.s(* with it. This motion of point h will gradu¬ 
ally set bob B into motion, as the amplitude* of nu)tion of B increa.ses 
that of A decn!as(*s and after p(*rhaps tw(*nty or thirty complete vil)ra- 
tions of A it.s motion will have been r(*duced to practically zero and that 
of B will have increas(xl to a maximum, practically the same as the original 
amplitude of A. This remark holds good only if the l(*ngths and w(*ights 
of the two pendulums are the .same. 

Qualitative Analysis of the Pendulum Experiment. —The natural fre- 
qtiency of the pendulum is fixed by it.s l(*ngth and tlu* gravitational force; 
hence to change the natural period of a pendulum it is only necessary 
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to change its length; the mass of the bob itself has no appreciable effect 
on the natural frequency. It must be not(*d, however, that the mass of 
the bob does have a considerable effect on the amplitude of vibration for 
a given energy in the oscillation, in fact for a given energy the amplitude 
of vibration varies inversely as the square root of the mass of the bob. 

The damping, therefore the decrement, of a swinging pendulum is 
fixed by the ratio of the frictional forces (set up by the motion) to the 
mass of the bob; an aluminum bob will have considerable greater decre¬ 
ment than a lead bob, the two bcang the same diameter. Of two bobs 
of the same material th(‘ smaller will have the higher damping because 
the mass varies as the cube of the diameter and tlie air friction in the bob 
approximately as the scpuire of the diameter; the air friction on the string 
will be the same for hot h. llenc(‘ a small bol), or one of less dense material, 
will have greater damping than a large luaivy one. 

The coupling of the two pendulums dc'pends, for a given length of 
pendulum, on the distance apart of the points of support, a and 5, and 
on the tightness of the supporting string. The farther apart the points 
of attachment a and b, and the tighter the string the l(‘ss the coupling 
of the two pendulums. 

The decrement of these pendulums is much loss than the decrement 
of a radio circuit; if it is d(‘sire<l to give the pendulums a greater damping 
the bobs may b(' made to swing in a pan of water, or oth(T liquid, or an 
air damping van(‘ may be fastened to the pendulum string; the closer 
the vane is placed to the bob the gn^ater will be its damping effect. 

By watching th(‘ motion of th(‘ bobs und(‘r various conditions the fol¬ 
lowing aj)i)roximate deductions may be drawn: 

1. For all conditions the motion of either bob is a complex harmonic 
motion, the amplitudt' varying periodically from a maximum to a minimum, 
the average vahu* of th(‘ amplitude gradually decreasing. 

2. The maximum variation in amplitude occurs in case the two pendu¬ 
lums have the same natural frequency, the minimum amplitude of each 
pendulum for this case being practically zero. 

3. If the two pendulums hav(‘ the same mass the maximum amplitude 
of each is nearly the same, if not of the same mass, the lighter bob has 
the greater maximum am])litude. 

4. The period of oscillation for ('ach })endulum (time between succes¬ 
sive' passages through z(‘ro displacement, in the same direction) is prac¬ 
tically constant with similar pendulums, the same as the natural period of 
either pendulum at all times except when the amplitude is going through 
its minimum values; at this time a sudden reversal of phase takes place in 
the motion so that the motion gains (or loses) nearly one half a cycle at 
this time. 

5. During the time a pendulum is gaining amplitude its motion lags 



308 


LAWS OF OSCILLATING CIRCUITS 


[Chap. Ill 


nearly 90® behind that of the other pendulum; when its amplitude is 
decreasing its motion is slightly more than 90° ahead of that of the other 
pendulum. 

6. The amplitude of the first pendulum (the one originally displaced 
to start oscillations) varies from a maximum to a minimum, the value of 
this minimum depending upon the relative lengths of the pendulums; 
for equal lengths the minimum is practically zero, but the minimum 
increases in value as the ratio of lengths departs from unity value. For 
all conditions, however, the amplitude of the second pendulum varies 
from maximum to zero. 

7. The time between successive maxima and minima of amplitude 
depends entirely on the coupling; the tighter the coupling the more 
rapidly the successive maxima follow one another. 

8. Beats (periodic variations in amplitude) always occur unless the 
coupling is weak and damping is high. In fact practically the only way 
to prevent beats is to make the damping so high that for the coupling 
in question the time between beats (as detennined for low value of damp¬ 
ing) is sufficient to allow nearly complete dissipation of the energy origi¬ 
nally put into the first pendulum. 

9. If, after the first ix^ndulurn has given its energy to the second pen¬ 
dulum (first minimum amplitude of the first pendulum), it is in some way 
disconnected from the second by cutting its string (or merely by holding 
the first bob so that it cannot move), the second pendulum will oscillate 
at its own natural frequency, and with its own decrement, until all the 
energy originally in the first pendulum has Ix^en dissipated by the losses 
in the second. This condition illustrates the operation of a so-called 
quenched spark transmitting .set. 

Analysis of the Motion of Coupled Pendulums.—The peculiar motion 
of each of the oscillating pendulums discussed in the previous paragraph 
can be produced synthetically, more ea.sily than would be supposed. If 
we let V[ and vo be the actual velocities of the two bobs, both of changing 
phase and amplitude we may write, 

.sin 27r/'/+F2€~“^' .sin 27r/"/,.(26) 

i;^=U,,-«^sin27r/'/+F2€“"^'sin (27r/"^ + 7r), . . . (27) 

where /' and /" are lower and higher respectively than the natural period 
of each pendulum and Vi and Vz are maximum velocities of these two 
component velocities, and ai and a * are the damping factors of the coupled 
system for the two frequencies/' and/". In Fig. 15 are shown the graphs 
of Eqs. (26) and (27), when applied to pendulums of equal length; the 
resultant vi and vz will recognized at once as the form of the velocity 
of the two coupled pendulums, vi corresponding to the pendulum 
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originally displaced to start vibrations; the reversal of phase at the times 
of minimum amplitude is well shown in the curves. In these curves the 
damping has been neglected; for the ordinary pendulum the damping is 
very small for so short a time as shown in Fig. 15. 

After having clearly in mind the phenomena which occur in the pair 
of coupled pcmdulums we will analyze mathematically the currents in 
two coupled electrical circuits and shall find solutions exactly similar 
to Eqs. (26) and (27). 



Fia. 15.—Full-line* curves show actual motion of the two hobs of Fig. H for tight coup¬ 
ling; the (lashed lines represent the two sinusoidal components of the actual complex 
motion. 


Analysis of Oscillations in Coupled Circuits.—When the switch S 
(Fig. 16), is closed currents flow in each circuit and the equation of reactions 
for each circuit is given by 

L^D■-<]^+MD■-<^i+JilDq,+^ = 0, .(28) 

Li 

L2D^-q■2+^fD^-ql+R2Dq2+^ = 0, .(29) 


where the letters have the meaning shown in Fig. 16, M being the mutual 
induction between Li and L> and r/i and 72 being the charges on con¬ 


densers Cl and C -2 respectively. 


D stands for -7 and D'^ for —, etc. 
at di^ 
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By differentiating (28) twice 

CiLi/>Vyi + Cid//>V> + Ci/eiD-’^i^ . . . (30) 

CJ.lD^ql+Cl^ID\i^2 + CiRlly'^ql+D2ql==^^ . . . (31) 

Similarly for circuit ( 2 ) 

+Cod/D + . . . (32) 

C2L2Jy^q2 + C2MD^qi + C2ll2J)\2 + iy\^ . . . (33) 

Multiply (31) by CjLj and (33) by C\M and subtract 
CiC■2iLlL2-^^-)IVq,+Clr2L2RJ)''^^^ 

+ C2L2D-qi-ClC2^IR2^y'q2-(\^lIy-q2==0. . (34) 



Fig. 10.—When the switeh C. will diseharf^c* throimh L. and /^; enrrent will also 

be set uf) in eirraiit ’2, the actual current in the two (‘ir(*uits bein^ similar to the 
motion of the pendulum bobs of Ki^. I t. 


Multiply (30) ity fb/fj and add to (34). 

+ (CjL> + r,C,/t»,/^>)/>Vy, . (35) 

Add (28) to (35) and get 

ClC2{LlL2-^f-)I)^ql+Cl(:2(L^2Jil+f^^ 

+(Ci/>i+C2L2+c,C2/(’i/f.)/>V/, + (r;,/(',+c,/(»>^ . (36) 

By a similar procedure an identictil e(|uation can be obtained for 72 . 

The exact solutit)n of Kfj. (36) is not generally attempted in texts on 
radio; it is lengthy and the exact solution ’ differs but little from the 
approximate solution given below. 

^ For the exact solution the student is referred to an excellent article by F. E. Pernot 
in Vol. 1, No. 8, University of California Publications in Engineering. 
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Determination of the Two Frequencies of Oscillation. —In using Eq. 
(36) to obtain the frequencies of oscillation the solution is much simplified 
by making an assumption which is justified in all ordinary radio circuits, 
i.e., the resistance of the circuit has a negligible effect on the frequency 
of oscillation. We may therefore neglect the resistance terms in Eq. (36) 
in solving for the periods of oscillation; by doing this we get the compara¬ 
tively simple equation, 


( 




<7i 


C 1 L 1 C 2 L 2 


= 0 . . 


(37) 


By substituting 

L,Ci’ L 2 C 2 

this becomes 

(1 — -{-(^1 *'~l" -f- coi^co2*'(7i “0. , . . (38) 


A similar analysis for 72 would yi(‘l(l 

(I—A’‘')DVy'2~f*(wi“-f-a)2‘’)D“7'2~• • • (36) 

The solutions of (38) and (39) are, by inspection, of trigonometric 
form, so we put 

ryi = .li cos (co^ + </)),.(40) 


qi = A 2 cos + 


(41) 


By differentiating these equations and inserting the values of the 
proper derivatives in Iv^s. (38) and (39) we obtain the two values of u. 


CO =\ 


: a'l* -f- a' 2 “ "f" ^ (cOi“ “f- co-j*) 4 c0i"C02‘'(1 


, • • (42) 


and 


o'=\' 


'I'd"^'2" — ^ “ d~^'2“)“ —luJi“t«;2“(l ^'‘') 

. 


(43) 


If we now suppose (he two circuits of Fig. 16 to be tuned alike, i.e., 
LxCx^^L^Ciy we can sim[)lify E(is. (42) and (43) very much. By intro¬ 
ducing the condition that au =a '2 = to we get 


and 


Vi-? 


. . (44) 


V 1+fc 


(j) = 


(45) 
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From (44) and (45) we can get the value of the coupling coefficient as 


io>'r+i<^r 


(45a) 


And it is to be noticed at this point of the analysis that these two 
frequencies are exactly the same as those given in Eqs. (130) and (131) 
of Chapter I for coupled circuits excited by an alternating e.ni.f. of vari¬ 
able frequency. Indeed from the similarity of procedure we may conclude 
that a complex circuit having sufficiently low resistance, if left free to 
oscillate after being excited in some way or other, null oscillate at those 
frequencies for which the system has zero reactance when excited by an alter- 
noting e.m.f. 

If, therefore, the natural periods of an eleotric circuit are desired it is 
only necessary to excite the circuit by an alternating e.m.f. of variable 
frequency and note those freciuencies for which the power factor of the 
system is unity. When left free to vibrate, the circuit will, in general, 
oscillate at all these frequencies simultaneously, the energy dividing 
between the various frequencies. 

This general theorem in resonance is a very useful one. Suppose thr(‘e 
circuits as pictured in Fig. 17 all coupled together in any complex way 
possible; knowing all the constants of the circuits it 
would be pos.sible to set up the difTerenlial equations 
and, after some laborious tran.sfonnations, it would 
be possible to so combine them as to eliminate all but 
one variable. The resulting equation would, however, 
be difficult to solve, Ix'cause schemes have not yet 
been evolved for solving an eciuation of the sixth degree. 

But if an alternating e.m.f. is introduced into the 
complex network, anil the freijuency of this e.m.f. 
be varied through as wide a range as necesvsary, there 
will be found three frequencies for which the network 
shows a comparatively low resistance only,the r(*actance 
being zero. These are the three free periods at which the network will 
oscillate if excited and left to itself. 

The point where the power is introduced when determining the three 
resonant frequencies by impressing an e.m.f. is of no importance; it will 
be found that the same frequencies will result in unity power factor if the 
alternator is introduced in any lino of the whole network. 

It must be borne in mind that the previous remarks hold goixl only 
for circuits having low damping factors; the argument depends upon the 
assumption that this resistance does not appreciably affect the frequency 
of oscillation. The assumption is always warranted because the radio 



Fig. 17.—General 
case of three 
coupled circuits. 





AMPLITUDE AND PHASES OF CURRENTS IN TWO CIRCUITS 313 


engineer is seldom interested in inefficient circuits, i.e., circuits having a 
low ratio of reactance to resistance. 

We therefore write the solution of (38) and (39), 

qi-Ai cos (w"^+(/)")+/ii cos .(46) 

A 2 cos Bo cos .... (47) 

By differentiation of (46) and (47), we get the two currents, 

= sin (co"^+<^)")+/iiw' sin (w'^+c/)') 

= 7"i sin (a;"^+0")+/'i sin (a)'^+0')> .... (48) 

and 

i 2 = Ao(jj'' sin sin (ci;'/+<>') 

= /"2 sin (co"^ + </)") + /'2 sin + .(49) 


The constants of Eqs. (48) and (49) must be chosen correctly to satisfy 
the initial conditions of the problem. 

It will be noticed that these solutions give alternating currents of 
constant amplitude, evidently an impossible condition for the circuit of 
Fig. 16. 44ie currents must rapidly die away as the energy originally 
stored in the condens('r Ci is used up in the resistances of the two circuits. 
The reason no damping term appears in the expressions for ii and Z 2 is 
the neglect of the resistance terms of Eq. (36) in passing to Eq. (37). Of 
course, a circuit having no resistance has no damping. 

Before proceeding to further analysis of the currents in the tw’o cir¬ 
cuits it is well to summarize the results so far obtained. When the switch 
in circuit 1 is closed complex-shaped alternating cmreiUs begin to flow in 
both circuits t and 2; these complex curreids are exactly represeided by two 
currents of frequencies fixed by w" and co', in each circuit. We have there¬ 
fore to determine the relative amplitude and phases of four currents /'i 
and /'2 of frequency fixed by co' (/'i in circuit 1 and I '2 in circuit 2 ), 
and /"i and /"2 of frequency fixed by co" (/"i in circuit 1 and /"2 in 
circuit 2 ). 

Relative Amplitude and Phases of Currents in Two Circuits. —An 

analysis of the phase and magnitude relations of the four currents /'i, 
7 "i, 7 ' 2 , 7"2 was carried out by Ohaffee and the deductions verified by 
an ingenious experiment; the results given below' are taken from his 
paper. ^ 

' “Amplitude Relations in C/Oupled Circuits,E. I^n Chaffee, Proc, I.R.E., Vol. 
4, No. 3, June, 1910. ' 
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By using Eqs. (46) and (47) in combination with Eq. (28) (neglect¬ 
ing the resistance term in the latter) we get, 



Eq. (50) gives the ratio of amplitudes of the short waves in the two 
circuits and (51) that of the long waves. As u" is greatcu* than wi (see 
Eq. (42)), it is evident that /"2 and r\ are in opposite phas(‘; when one 
is positive the other is negative. The long waves /'j and /'i are in the 
same phase, however, as their ratio is positive, wi being greater than co' 
for all conditions of coupling. 

In the oscillation transformer of a transmitting set, therefore, the 
effective flux for the short waves is much less than it is for the long waves; 
of course, this might be sunnised, because the sliort wav(‘ in each eireuit 
could only occur if the^effective L\ and were each diminislied by the 
action of the other, which means currents in the two coils nearly 
out of phase. The long waves, by a similar arguiiKuit, must occur In'cause 
the mutual action of Lv and Lz increases the (‘ffixaive inductance of (‘ach; 
this could only occur if the long wave currents in th(‘ two coils L\ and Lz 
are in phase, i.e., they magnetize their mutual field in the sam(‘ direction. 

To express the amplitude relation of the two currents in each circuit 
it is more convenient to express the relations of 10({s. (42) and (43) in terms 

27rl^ 

of wave lengths. Using the relation X =- for each frecpiency involved 

{V being velocity of propagation of the electromagnetic waves), we get, 


X" = \ 


X i^TX'i^ — a/ (X !" — X_>“)' -f-4 A “ \ I “Xv^ 


. (fi2) 


X'« 


J xi^+X2^+V'(Xi^-Xr)- + 4A;-\,"X,.- 

” Af o 


(53) 
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As Eqs. (42) and (43) were simplified by supposing the two circuits 
tuned alike, i.e., Xi =X 2 = X we may write, for this condition, Eqs. (52) and 
(53) in the abbreviated forms 

X" = wnc, .(54) 


\'=xVi+k,. 

from which wo gel 

(xT-( x'T 

(x')-+(n- 


(55) 

(56) 


lOtjs. (50) and (51) may also b(‘ writtem in terms of wave length and 
they b(‘come, 



To det(Tinine tin* ratio /'i and /' 2//"2 we set down the initial 
conditions of the circuit. W'hen / = 0 (time of closing switch) 7i=Qo, 
7 j = 0, and Using these values in Eqs. (46), (47), (48), and 


(19), we get, 

Qi) = A] cos cos 4>' .(59) 

0 = .42 cos </)"-[“/U’ cos .(60) 

0 = A 1 sin cp"-\- Au (p' ~ I h i^in <p"\ ^in (p'. . . (61) 

= sin cp ^-|-/^ 2 <^^ J^iti (p' — I"^ J'in (P"~hl '2 f^in (p\ . . (62) 


To satisfy tliesc* conditions we must have <p' = <p" — {). Then we find 
as i42= “H 2 , and I" 2 — aiul I' 2 — j that 



Dividing (50) by (51) 

/"j/'i oj"—a.M“ 

i*;"" ecu--a;'- 
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Multiplying by (63) we get, 



(64) 


For convenience in using the relations of Kqs. (63) and (64), the values 
of X"/Xi and X'/Xi have been calculated by C'haffee and are reproduced in 
Fig. 18. In this hgurc arc shown the variations in X"/Xi and X'/Xi as 
X 2 /X 1 is varied, this ratio being varied by varying X 2 by a variation in 
condenser C 2 . This keeps k constant as tlie ratio X 2 /X 1 is varied. 



Fio. 18. —Variation in ratios of X'V^i and X'/X, as the ratio of X 2 /X, is varied, for 

different valuc.s of coupling. 


To get the magnitudes of the four currents, we solve for yli, /ii, and 
^42, B 2 . From (59) 


From (61) 


= and 


BxJ ^ 7'i 


from which 
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From this equation, by using (64), 

Bico' 

0)1^-co'^ a."-’ 


Bi=A, 


Substituting this value of Bi in above equation for Qo gives 


,,,2_,J2 ,J>2 
0)1 —O) O) 

I mJO 12 2* * * 

O) —O) ^ 0)1^ 


. . . (65) 


And as ^i = Qo —Ai, wc have 


From (62) 


0)"“^-0)l2 O)'^ 

—r,—.(66) 

O) “ —O) ^ 0)1^ 


4 

^2 = -;7, 


and by using (50) then substituting for I\' its equal o)"/li, we get 


then using (65) 


then from (60) 


A2=-A 


A-’=-(?( 


o) *• —cor \ ivi 


(co,-’-co'2)(co"^-«l^) fTi 




n, =-A ■>=(,)„ r:;r""Ai 7 -- 


/, 2/ /'2 '2\ \ r ‘ • ' 

Acort^ — 0) ) L/2 

Substituting the valiu's of I^q. (65-68) in (48) and (49), we get, 
fi iJO\Q(){F"\ sin o)'7-+F'l sin Jt) . „ . 


i 2 — coiQoV " {F "2 ^^in co^7-f"F^2 sin co7). 

^ iv2 


In these cciuations 


VXi/ \Xi/ \Xi> 


(0 . 


AXi/ ’"\Xi/ VXi/- 
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Fig. 19.—Values of the F coefficients 
for lOVc coupling'. 



Fig. 21.—Values of the F coefficients 
for 50% coupling. 



Fio. 20.—V.iliios of the F coelFicients 
for .SO^ I (’ouj)ling. 



Fig. 22,—Values cjf the F coefficients 
for HK)'coupling. 


The values of these F factors are plotted in Figs. 19-22, which servo to 
show how the four different currents vary as C 2 , the condenser in circuit 
2, is varied, other things remaining constant. An examination of these 
curves shows that with weak coupling and tuned circuits the variation 
in amplitude (due to beats) is from maximum to zero as the values of F'\ 
and F'l are equal in magnitude as are those of F'^'> and F' 2 . For lighter 
couplings the ratio of X 2 /X 1 must be different than unity to make F^\ ==F'i 
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or F "2 = F' 2 . Furthermore, with other coupling than very loose no ratio of 
X 2 /Xi can be found which will make both F'\=F'\ and F "2 = F '2 so that, 
except for very weak coupling the beats are not complete in both circuits, 
i.e., the minimum amplitude is not zero. It may be made zero in circuit 1 
for any value of coupling by the proper amount of de-tuning, but the values 
of F "2 and F'o are such as to preclude the possibility of zero amplitude beats 
for any except the weakest coupling, no matter how much X 2 and Xi are 
made to differ. 

A critical examination of the foregoing analysis shows that maximum 
current occurs in the second circuit when the ratio of X 2 /X 1 is slightly 
greater than unity. This might have an important bearing on the use 
of a wave meter; this instrument is a coil and variable condenser which 
has an ammeter (or othc'r device) for indicating resonance with the circuit, 
being tested. A precise analysis shows that maximum current will occur 
in this wave meter when its natural period is somewhat longer than that 
of the circuit being tested; as maximum current in the wave meter is 
ordinarily taken to signify resonance with the circuit tested it is evident 
that an appreciable error might be incurred. 

It appears, how(‘ver, that with a coupling between wave meter and 
the circuit test(‘d as high as 10 per cent the error in wave meter reading 
is less than 1 per cent and as tlie wave meter coupling is, in practice, 
seldom mon^ than 1 per cent or 2 p(‘r cent, the error is probably well within 
tlie precision of measurement. 

The previous analysis of amplitudes, resulting in Eqs. (69) and (70) 
for the currents in th(' two circuits, was carried out without considering 
the resistance terms in the original equations, (28) and (29). The consid¬ 
eration of (lamping would have gn^atly complicated the derivations, and 
th(' damping factors can be introduc(ai now without invalidating the pre¬ 
vious work. 

The damping factor of the high-frequency wave is the same for the 
high-frequency current in both circuits and similarly for the low-frequency 
wav(‘. If we call the damping factors and a', it is possible to derive 
the relations ^ 


2(1-A’)' 
2(1+A-)' 


2Lx 2 lJ’ ■ 

• . ■ (71) 

:iu 2lJ' ■ ' ■ 

. . . (72) 


a" being for the high-frequency currents and a for the low-frequency 
currents. 

^ A. Obcrbeck, Wied. Ann. der Physik, 1895, Vol. 55, p. 623. 
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It is to be noticed that if Eqs. (71) and (72) are changed to give decre¬ 
ments (the two circuits being tuned), they assume the forms 

Vi-A 2 j 


Vi-A 2 ; 

x/r+A 2 7’ 


where 5i and do are the decrements of the primary and secondary circuits, 
respectively. These solutions are approximate and good only when the 
decrements are low. 

The complete solutions then become, 

h = sin sin a>'/). . . . (73) 

t 2 = wiQuAjy- sin co"<+ sin . . (74) 


, 1 . KWWKw 






4 - . oJCo" n 

4 . 




^ c 


Fio. 23.—Currents in roupled tuned cirruit.s with 42.476 eoupling;. 

Actual Shapes of Currents in Coupled Circuits. —In Figs. 23-26 are 
shown oscillograms of currents in each of two coupled circuits, the cir¬ 
cuits being practically identical. For each Z. = 0.0395 henry and C = 39.5 
microfarads. The coefficients of coupling were 0.424, 0.282, 0.114, and 
0.0707, respectively, for the several curves. The films do not quite bear 
put the preceding theory on amplitudes, as the values of F'j, and F”\ 
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are evidently not near enough in amplitude to neutralize each other for 
even the minimum coupling, 7.07 per cent. It is quite likely that the 





Z-Z • •o^VS h 
/c. .jesz 
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Fig. 24.—Ciirr€nt« in coupled tuned circuits with 28.2% coupling. 


rather high deoreinont of the circuit had an appreciable effect on the 
various amplitude factors, not accounted for in the previous analysis. 
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Fio. 25.—Currents in coupled tuned circuits with 114%. coupling. 


Frequency of the Actual Complex Current.—By inspection of the films 
shown in Figs. 23-26 it is seen that the time between successive zero points 
in the current wave is practically constant (indicating constant frequency); 
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in fact, careful measurement shows the frequency constant (for Fig. 26), 
Vv'ithin about 1 per cent, except at the points of minimum amplitude^ where 
the time between successive zero points changes very much. Just what 


i 
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Fig. 26.—Currents in coupled tuned circuits with 7.07% coupling. 


changes take place in the magnitude and pha.se of the current at this 
time depends altogether upon the relative amplitudes of the two component 
currents. 



Fio. 27.—Form of current and minimum 
amplitude; high-frequency current much 
smaller tlian low-frequency. 


Fig. 28.—Form of current at minimum 
amplitude; high-frequency current of 
nearly the same umplitudcas low-frequency. 


In Figs. 27, 28, and 29 are shown throe po.s.sible conditions at this 
time of minimum amplitude of the actual current. In Fig. 27 we have 
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shown the condition for F"i=0.5 in Fi^. 28 for F"i=0.9 F\ and in 
Fig. 29 for F"i = 1.25 F'l. For all three figures we have co" = 1.20 w', 
which means a value of coupling of the two circuits of about 20 per cent. 

It might seem that as the fre¬ 
quency (time between successive 
zero points) of this ^Mjeating^^ cur¬ 
rent is constant, that a third circuit, 
coupled to the circuit carrying this 
compl(\x current, would respond 
most strongly if tuned to this fre¬ 
quency. As a matter of fact but 
little response will be had in this 
third circuit if tuned to this actual 
frequency; if tuned to either of 
the component currents of this 
actual complex current, liowever, 
a strong response will be obtained. 

Thus suppose the two circuits 
of Fig. 10 are each adjusted for a 
natural period of 100 cych^s, and they are coupled 20 per cent. Then 
th(' two fr(.‘(iu(aici(‘s generated, when the condenser in circuit 1 discharges, 
will be (by Eqs. (44) and (45)) 



Fkj. 20.— Form of current at minimum 
nrnplitude; hip;h-frequency current greater 
tii.ai low-frecjiiency. 



Fi«. 30.—Amplitude of current in a third circuit coupled very loosely to either of the 
two cou])led oscillating circuits. 


/" = —111.7 cycles; 
V 1-0.2 


/' = 


100 


Vi+o^ 


= 91.2 cycles. 
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The oscillatory current in each of the circuits will have a period of 
0.01 second (except at the minimum amplitude points) but if a third cir¬ 
cuit loosely coupled to either of the others is tuned to a natural period 
of 0.01 second the current induced in it will be much smaller than if it 
(the third circuit) is tuned to a natural frequency of either 111.7 or 91.2. 
The magnitude of current in this third circuit, as its natural frequency 
is changed by changing the value of its condenser, will be about as indi¬ 
cated in Fig. 30. The reason for this weak response to the 100-cyclc 
tuning is the reversal of the phase in the exciting current at the minimum 
amplitude points; what current is built up in circuit 3 during time i — t\^ 
Fig. 31, is destroyed, or neutralized by the action during time h — < 2 , 
because of the phase reversal in the inducing current at time t\. 

Vector Representation of Current in Coupled Circuits.—Such a func¬ 
tion as that given in Eq. (73) can Ix) represented vectorially but, of course, 
the vector diagram is not of the ordinary type. If we let the instantaneous 



Fig. 31.—At minimum amplitude points the actual current in cither of the two oscil¬ 
lating circuits reverses its phase. 


value of the current be represented by the projection on the y axis of the 
resultant vector obtained by adding * and the construc¬ 

tion will be as shown fn Fig. 32. When / = 0 the two vectors coincide in 
position; with increase in time the F"\ vector advances its phase over 
that of F'l, so after F\ has advanced 90°, as shown at OA, the vector 
has moved to position OB. The re.sultant of these two vectors 0/^, 
gives, by its projection in the OY axis, 0/), the instantaneous value of 
the actual current z'l. As the two vectors OA and OB rotate their mag¬ 
nitudes must continually diminish to keep them equal to ^ and 

The loci of the tenninals of the vectors arc logarithmic spirals 
about the point 0. The logarithm of the ratio of the values of a vector, 
in two successive passages through the same phase gives the decrement 
of the current represented by that vector; thus we have log, OM/ON = 6'^ 
the logarithmic decrement of the current /"i. 

The unusual motion of this resultant vector as the two component vec¬ 
tors pass through phase opposition is indicated in Fig. 33. Vector OA, the 
one with less angular velocity, is shown stationary and the vector OB 
is shown in several successive positions around its phase opposition 
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position; OB is slightly greater in magnitude than OA. With OB in the 
position indicated by OZ?i, the resultant of OA and OBx is shown by 0/2 1 , 
etc. It may be seen that this resultant vector moves through the angle 
RiORsf which is more than 180^, while the vector OB has moved 
about 45®. 

The case of OB being smaller than OA is given in Fig. 34; in this 
case when OB goes through its opposition phase the resultant vector, 
instead of speeding up as it did in Fig. 33, slows down and goes through 
the successive values 0/2 1 , 0 / 22 , 0/2:j, etc., for the correspondingly marked 
positions of OB. If the two vectors OB and OA happen to have equal 
magnitudes as they go through phase opposition, the successive positions 
and values of the resultant vector arc as shown in Fig. 35; for this con- 



logarithniio sj)irals. 



Fici. 33.—Resultant vector when 
high-frequency current has the 
greater amplitude. 


dition when flic two vectors arc 180° out of phase the resultant vector 
is zero. 

It is quite possible so to adjust the tuning of the two circuits that 
the vector OB is greater than OA at the start of the oscillations; then 
as the oscillations continue, OB, having greater damping than OA, will 
become ecpial to OA and then smaller. Hence in three successive beats 
it is possible to have the resultant vector OR go through phase changes as 
depicted in Figs. .‘1.3, .34, and 35, respectively, as the amplitudes of the actual 
current goes through its minimum values. The effects of these peculiar 
angular velocities of the resultant vector, in combination with its changes 
in magnitude, account for the peculiar form of the actual current during 
the one or two cycles of minimum amplitude. It is seen in Figs. 27 and 
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29 that the 180° phase shift which occurs at the point of rninimuni ampli¬ 
tude may be produced by either a gain of 180° or a loss of 180° at this 
time. Fig. 27 shows a loss and Fig. 29 a gain of nearly 180° during the 
time shown in those curves. 

Frequency of Beats. —The beats are not well pronounced unless the 
two circuits are tuned to the same natural frequency; in this case all of 
the energy surges back and forth from one circuit to the other. With 
untuned circuits only a part of the energy is exchanged between the two, 
most of it remaining in the primary circuit; in this case the beats are not 
so pronounced as for the tuned circuits, because it is really the to-and-fro 
flow of the energy which gives the beats. 




Fig. 34.—Re.sultant veotor when low-fro- Fig. 35.—Re.sultant vector when both rur- 
quency current has the greater amplitude. rents have the sitm<‘ amplitude. 

In the case of tuned circuits th(' two fretpKaicies are given by l^ps. 
(44) and (45), 

w" = o :(—and w' = al —--Y 

\Vi~k/ Wi+k/ 

Hence 

w” - c' = a/- -yi-- - .(75) 

\V1-A: V1 + A7 

This holds, of course, for low values of k only. 

As the nurnlx?r of Ix^ats per second is equal to the difference in fretjuency 
per second of the two component frequencies, we must have th(‘ nuinlK*r 
of beats per vS(*cond which are given l>y the n'lation N =fk. 

We have shown previously that the frequency of the complex current 
for tuned circuits (except at the minimum amplitude point) is /.‘ The 

‘ This i.s not a true frequency because of the varying amplitude; it ia frequency 
determined by the time b<;tween aucceasive zero values. 
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number of cycles of current per beat is therefore obtained from Eq. (75) 
by writing, 

N=r-r=fk, 


where AT = beats per second. From this, we get 

N k‘ ' ' ‘ 


(76) 


This equation is useful in determining the coupling of a pair of circuits 
from the shape of the complex wave of current. Thus if there is one beat 
for five cycles of current the coupling must be 20 per cent. 

Form of Secondary Current if Primary Circuit is Opened at the Right 
Time.—The two circuits of Fig. 16 are used in practically every radio 
spark transmitting s('t; the conden.ser €> is, in the actual sets, the capacity 
of the antenna and part of the resistance, Ry is the radiation resistance of 
the antenna. From the foregoing analysis of the current in circuit 2 it 
is evident that two wave kaigths, X" and X', would be radiated from the 
antenna; this is undesirable both from the standpoint of efficiency and 
interference, this latter factor being so important that government license 
will be granted only to those stations in which such precautions have been 
taken that practically all their power is radiatcnl in one wave. 

As previously stated, all tla^ energy (to be transformed into oscillatory 
power) is originally stored in condenser (b; when the switch S is closed 
this electric energy starts surging back and forth from Li to Ci and also 
starts to flow over to circuit 2. If the two circuits are properly tuned 
all of the energy will have l)een tran.sferred to circuit 2 in l/2fc cycles; 
unless prevented from doing so the energy then starts to flow back to 
circuit 1. Suppose, however, that circuit 1 is opened by some device or 
other, at that instant when all of its energy has been transferred to cir¬ 
cuit 2; the re-transfer of the (mergy to circuit 1 is made impossible because 
no current can flow in circuit 1 if it is open. 

Such an action is accomplished by a “ quenched ’’ spark gap to be 
described in detail in Chapter V. The forms of current in the primary 
and secondary circuit for this case are as indicated in Fig. 36; the curves 
are drawn for a coupling of 20 per cent. The number of cycles per beat 
for such a coupling is five; hence the time A B during which energy is 
being transferred to the secondary (being one-half the time of a beat) 
will be 2\ cycles. At time R the primary circuit is opened and from this 
time on the secondary circuit o.scillates just as if the primary circuit Wiis 
not present; in fact, electrically, circuit 1 is not present, it being open at 
the spark gap after time A-B, 
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The form of the current in the secondary circuit during time A-B 
will approximate that given by iLtp (74); this equation is not strictly 
applicable because of the variable resistance (spark gap) in circuit 1. 
However, the resistance of the spark gap is probably negligible compared 
to the resistance due to the coupling of circuit 2 to circuit 1, so that Eq. 
(74) closely represents the form of current during time A~B, After time 
B the primary circuit is disconnected (by the o{3ening of the spark gap) and 
the equation of secondary current is fixed by Eq. (19), the fre(iuency and 
damping of the current being fixed by the secondary constants only. 

The proper value of E to put in Eq. (19) is very nearly equal to 



€ 



f 


where E is the voltage of con(l<‘ns(‘r Ti wlien discharge t)egan, 


«i ■ 


Ah 


I\ > 

—and /'= time .4 —/?. 



Fig. 36 .—Forms of primary find .scrondary nirronts if primary rircuit is oj)encd at the 

lirst minimum. 


With the conditions a.s repre.sented in Fig. 36 the current in circuit 
2 (except for the first on(? or two alt(‘rnations) is of frecjuency /, the nat¬ 
ural frequency of circuit 2, and the power is practically all radiated at 
this one frequency. 

Possibility of No Beats without a Quenching Gap.—If the damping 
of the circuits is high and coupling is loose the Ix^ating phenomena will 
be absent, even if the spark gap in the primary does not offer any quench¬ 
ing action. This is illustrated by Fig. 37, in which oscillograms of pri¬ 
mary and secondary current arc shown for the circuit of Fig. 16, there 
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being no spark gap at all in the primary circuit. The two circuits were 
tuned alike, the coupling was weak, A: = 0.07, and the decrement of each 
circuit was high, 6 i = 62 = 0.30. 

This method of getting a current in the secondary of essentially single 
frequency is of no use to the radio engineer, because it really means that 
most of the energy originally stored in Ci is dissipated as heat in the 
primary circuit; but little power is supplied to the secondary circuit 
where it is needed to carry out the useful function of radiation. 

Oscillatory Discharge in One Circuit and Non-Oscillatory Discharge 
in the Other.—UndcT excei)tionai conditions it is possible with coupled 
circuits to have a non-oscillatory discharge in one circuit and an oscilla¬ 
tory discharge in the other. If the primary circuit has a high decrement 



I'lo. 37.—Forms of currents in coupled tuned circuits when the coupling is weak and 

damping i.s high. 


and the secondary circuit a comparatively low decrement, then when the 
primar}'' condenser discharges there may Ix' a single, unidirectional pulse 
in the primary during which some of the primary energy is transferred 
to the secondary and some of it used as heat in the primary. Such a 
scheme is frequently used in small radio sets, and goes by the name of 
“ impulse excitation,^’ The primary circuit has generall}^ a high decre¬ 
ment, having a large condenser and only one or two turns in its induc¬ 
tance. This gives a high value to R/2JL, especially when the resistance of 
the spark gap is taken into account. In addition to the high primary decre¬ 
ment, the gaps used in this method of generating oscillations are of the 
quenching type so that when they are functioning properly but one pulse 
exists in the primary and the secondary is left free to oscillate at its own 
period and its own decrement. 
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Oscillatory Circuit Excited by Continuous Voltage. —In case a circuit 
of Lj Cj and Ry in series is connected to a source of continuous voltage 
Ey Fig. 38, the equation of reactions is 

E = Lj^-hI{i+'^ . 

By differentiating once this equation becomes the same as l']q. (1), and 
so its solution must Ix' the same. ^Fhe same three cases are to he con¬ 
sidered here as they were for Kq. (1); the more important one of the solu¬ 
tions being that of Eq. (11). The initial and final conditions of the prob¬ 
lems are different than those considered previousl 3 ^ Iwidently at t = 0, Vr — 0 
and at QC , i\ ~E] these conditions affect the ecpiation of voltage across 
the condenser terminals, which becomes approximately, 

i\. = /t^l — c cos ^ ji .(78) 

This equation brings out the interesting fact that th(' maximum volt¬ 
age across the condenser in such a circuit as that given in Fig. 38 is nearly 

double that of the source of e.rn.f. to 
which the circuit is connected. This is 
illustrated by the film shown in Fig. 39; 
the voltage of the c.c. line to which the 
circuit was connect cal was 105 volts, whereas 
the maximum potcaitial difference across 
the condenser was 190 volts. It is evident 
from this oscillogram that if the dielectric 
strength of a condens('r is to be testeil by 
connecting it to a source of continuous e.rn.f., a resistance .should Ix' used 
in series with the condenser of sufficient nragnitude to make the circuit 
aperiodic. If this is not done tlu? maximum voltagr* across the condenser 

is not Ey the voltage of the line used for testing, but is equal to /?(l + c 2 ), 
where 5 is the decrement of the circuit. 

This same phenomenon occurs frecniently in evcTyday life. Suppose a 
springboard deflects 1 foot wh(*n a 2(K)-lb. man is standing (juietly on it at 
its free end. If the man starts to walk slowly out from the anchored end, 
the board will be deflecting 1 f(x)t by the time he reaches the end. If, 
however, with the board undeflected the man steps on to the free end (say 
from a boat) the board will bend down 2 feel. It will then spring back 
up and after a few oscillations will have a steady rleflection of 1 foot. 
Thus the board has twice as much strain (maximum) if the man steps (not 
jumps) directly on to the free end us if he quietly walks out from the 
anchored end. 


—V.AAA^—I 
R 


-\mmsisi 




Fio, 38.—0.scillatory circuit con¬ 
nected to a source of continuous- 
current \X)wer. * 
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1 IG. 39 - Cscillogram of current and voltages of the circuit shown in Fig. 38. The source of pownr for the 105-volt excitation 

was a battery having a resistance of 2.50 ohms. 
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Oscillatory Circuit Excited by Energy Stored in Inductance.—In 

certain radio-testing circuits oscillations are produced not by the energy 
stored in a condenser, but by the energy in the magnetic field of the induc¬ 
tance. The circuit is indicated in Fig. 40; in the actual testing set the 
battery circuit is made and broken many times a second, perhaps 1000, 
the function of the switch being performed by the contact points of a 
small buzzer. When the switch S is closed the condenser C charges at 
once to battery voltage and the current through L and R rises on a log¬ 
arithmic curve (&|. (12), p. 40), to a 
value E/R; the magnetic energy in the 
coil being LE“/ 2R *. When the switch 
is opened this magnetic energy is 
emptied into the condenser C, and 
then the energy surges back into L 
as described in the first section of this 
chapter. 

At the end of the first quarter of a 
cycle of the oscillation all the energy 
from the coil is in the conden.ser; it 
is then charged to such a potential 
difference E' that we have (if the decrement of the circuit is so low that 
the damping for one-quarter of a cycle may be n(‘gl('cted), 



Fig. 40. —Oscillatory circuit to be ex¬ 
cited by stored maj^iietic energy. 
This circuit is the siime as used for 
“buzzer excitation” of radio circuits. 


or 



' E' = E \[I+ 


L 

ci{- 


(79) 


The cycle of events in such a circuit as shown in Fig. 40 is shown in 
the film of Fig. 41; of courst', all the con.stants of the circuit used in getting 
this film are much greater than those used in the so-called “ buzzer wave 
generator u.sed in radio, but the form of voltages and currents are nearly 
the same as those occurring in the radio circuit. 

Oscillating Circuits Excited by being Connected to a Line of Alter¬ 
nating E.M.F. —If a circuit of L, W, and C, in series, Fig. 42, is suddenly 
switched to an alternating-current line, the current must be zero, no 
matter at what point the e.m.f. wave the switch is closed; in general 
the condenser of the circuit will not be charged. Now in the steady state 
the current must have a certain value for any given value of e.m.f. as fixed 
by Eqs. (40) and (41) of Chapter I. Also the condenser must have a 
definite charge for this value of impressed e.m.f. It is evident, therefore, 
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Fig. 41 .—Oscillogram of current and voltages in circuit of Fig. 40. 
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that in general the initial conditions, when the switch is closed, will not 
satisfy the conditions required by the steady state. 

For this reason the current for the first few cycles after switching the 
circuit to the line will be of irregular form; the circuit requires time to 
“ settle down '' to the steady state. Alathematically this is accomplished 
by adding to the equation for the steady current a suitable damped oscil¬ 
lation, the magnitude of which depends upon the time the switch is closed 
and the frequency of which is fixed by the L and C of the circuit. 

The actual current after closing the switch is therefore the sum of 
the steady value of current and a damped oscillation at the natural period 
of the circuit, the two sufficing to satisfy the required initial conditions 
on closing the switch. 

If the impressed voltag(‘ is e = Esn\ pt, the circuit having constants, 
L, C and R and the .solution is, 


LC 


K 


i = At sin (u7')H--- sin {pt — 4>), 


(80) 


in which 


“7c" 


-'VaAAAAt-i 

R 


a — — and CO 
IL 


and i' is the time counted from tla^ start of th(‘ imagined transient oscil¬ 
latory current; it is somi'times written (t + At) where At is the time between 

th(* start of th(‘ imagiiHal transient term and 
th(* closing of th(‘ switch—this increment of 
time is indicat(‘d in Fig. 44. 

A and /' are to be suitably determined 
to .sati.sfy th(! initial condition that z = 0 and 
t\=(). This conditif)!) l =0, suppose.s the 
condenser to be uncharged at the lime of 
switching the circuit to the* line; if it is 
charged to a certain p<jtential difference V, 
then the initial conditions are 2 = 0, Vc= V. 






Fin. 42.—O.scillatory circuit to 
l>e connecte<l to Hourcc of 
alternating-current f)ower. 


Let US suppcjse the steady state of th(» circuit is as represented in 
Fig. 43, and further let us suppo.se that the switch is closed at the 
phase indicated by 0. In the steady slate the current should be /' and 
the voltage across the condenser should be V\ Actually the current at 
the time of closing th(? switch is zero, and we also suppose an uncharged 
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condenser, so that Vc = 0. We must then so determine t' and A of Eq. 
(80) that these initial conditions are satisfied. 

The equation for voltage across the condenser, due to the transient 
term only, we write, 

Vc = E()€~'^^ cos 

and hence, the current due to the transient term is 

i = C — = — wCEo € sin (Jit' — aCE{) e ~ cos oit'. 
at 

We here make the same assumption we have previously made for 
similar circuits, that a is negligible compared to w, and so we get, 

i=-coCA;o€~“''sin Oil' .(81) 

Using the condition that the voltage across the condenser must be 
z(yo at the time of closing the switch, we have 

Vc+ U' = 0 or — V' = €~°‘^’Eo cos oot'of 


in which is the value of t' when the switch is closed. 
Then 


€““'«COSa'ro' 


Also 


2 ,- 1 -/'= 0, so from (SI) using also (82) 

€ ^ COS (jit 0 


or 


tan uit'{) = 


r 

oiCV' 


(82) 


(83) 


In case the damping of the circuit is small this equation may be written 

. /' [l 

tan a;to=-— 

From this equation we get tan wf'o and so may find the value of cos co^'o. 
Knowing cot'o and co we get f'o and so can calculate and then substi¬ 
tuting in (82), we get Ao; evidently A = — aCEoy which can now be 
substituted in Eq. (80). 
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In Fig. 44 are reproduced in dotted lines the current and voltage 
curves of Fig. 43 and in dashed lines the transient current and condenser 
voltage determined from Fqs. (83) and (82) and (81). The addition of 
the steady value of current and the transient current gives the full line 
curve which is the actual current in the circuit after closing the switch. 

In Fig. 45 is shown an oscillogram of the transient current after switch¬ 
ing such a circuit as the one used in plotting the curves of Fig. 44. From 
Figs. 44 and 45 it may be seen that on switching a circuit, of Zv, and C, 
in series, to an alternating current line the condenser might lx? subjected 
to much higher voltages than occur in the steady stat(', nearly twice as 
much if the damping is low. 

Periodic Disturbances in a Resonant Circuit. —In every radio spark 
set there is a circuit the equivalent of that shown in Fig. 46; in place of 
the switch shown there is a spark gap which px'rforms the same function. 
An alternator supplies power to a condenser through a transformer T] 

once every cycle (or alterna¬ 
tion) the condenser is short 
circuited for a very short time; 
in an actual set by the spark 
gap breaking down, in the set 
from which the following oscil¬ 
lograms were taken, by a 
suitai)l(‘ revolving switch. The 
time of switch closure was 
adjusted for maximum volt¬ 
age in the s(‘condary circuit 
and took place at the same 
phase of each cycle. The 
voltage across the condenser 
and current in the secondary 
of the transfonner for this 
ca.se hav(' Ix'en worked out 
theoretically, but they are rather unwieldy, as one might suppose after an 
elementary consideration of the problem.‘ 

For each closure of the switch *S, a tran.sient tenn is intro<luced into 
the circuit, and as the damping is not sufficient to eliminate one tran.sient 
before another is introduced, the actual ciirrent and voltage consist of the 
steady values with a whole series of tran.sients .superimposed. The form 

^ Fulton Cutting, '*The Thex^ry arul Doaign of Radio Telegraphic Transformers/' 
Proc. I.R.E., Vol. 4, No. 2, April, 1910. This article serves to show how complicated 
an exact treatment may Ixjcome; in Chapter V, pagt?a 413-414, are shown some curves 
which are calculated from simpler formulas, which curves represent quite accurately 
the form of disturbance in the ordinary spark transmitting set. 



Fig. 43.—Proper ^‘steady state" values of volt¬ 
ages and current of circuit of Fig. 42, at time 
of closing switch. 
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Fig. 44.—Analysis of the transient condition existing after closing the switch of circuit shown in Fig. 42. 








338 


LAWS OF OSCILLATING CIRCUITS 


[Chap. Ill 


of voltage and current depends largely upon the ratio of the frequency of 
the impressed e.m.f. to the natural frequency of the circuit. 

In Figs. 47, 48, and 49 are shown the forms of voltage across the con¬ 
denser and current in the secondary of the transformer for three values 



Fig. 45.—Oscillogram of transient current corresponding to condition shown in Fig. 44. 


of this ratio. In Fig. 47 the natural period was less than that of the 
alternator, in Fig. 48, the two were eiiual, and in Fig. 49, the natural 
period was greater than that of the alternator. As th(‘ films were taken 
at high speed they ar6 not very distinct, so two cycles have been dotted 
_ __ in with ink. 

J S S y that any mathematical ex- 

^ 1 -T - pression to represent these 

Alternator g L curvcs must be a complex 

^ \ _ one. With the switch ad- 

Transformer I justed to make one closure 

Fig. 46.— Elementary circuit illustrating the action ppj* cycle the circuit is a 

occurring in every spark set when the spark roctifying ono; if the voltage 

gap breaks down. . , ^ 

across the condenser at the 

tune of short circuit is E, it is evident that each cycle the secondary of the 
transformer carries more in one direction than it does in the other a 
quantity of electricity equal to CE. 

Oscillating Circuit Excited by Pulse. —It often occurs in radio work 
that an oscillatory circuit is excited by a unidirectional pulse of some 


Transformer I 

Fig. 46.—Elementary circuit illustrating the action 
occurring in every spark set when the spark 
gap breaks down. 
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shape or other; thus it is quite likely that atmospheric disturbances in 
radio receiving circuits are due to some sort of highly damped oscillation 
or a series of short pulses.^ The effect of a pulse on a resonant circuit 
will depend upon two factors, the ratio of the duration of the pulse to 
the natural period of the circuit, and the intensity or amplitude of the 



Fig. 47.—Voltage and current in such a circuit as that shown in Fig. 46, the switch S 
being closed synchronously. Natural frequcntw of secondary circuit greater than 
alternative fretiuency. 




^aer o^o/c 

r\ ' ■ 


! i \ 

' 




\ 1 ' ' 

A^/4i /.v/ pcr/ot/ . , ^ 

-r.-- , Q , 

JHM, 




Fig. 48.—Similar to Fig. 47 but with secondary circuit having a natural frequency equal 

jto that of the alternator. 

* See p. 391. 
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pulse. Also to a minor extent the exact fonn of the pulse will determine 
the amount of disturbance produced. 

The simplest kind of a pulse to consider mathematically is a square 
pulse, one in which the voltage rises suddenly from zero to a certain value, 
holds this value for a short time and then again drops suddenly to zero. 
If such a pulse of voltage is introduced into a circuit consisting of L, C, 
and Ry in series the shape of the current can be obtained by properly com¬ 
bining the solutions of Eqs. (77) and (1). Kq. (77) gives the conditions 
when the voltage is applied to the circuit and Kq. (78) gives the voltage 
on the condenser at any time t after the voltage has been applied. When 
the pulse of voltage ends, Eq. (1) applies, the voltage on the discharging 
condenser being that determined from Eq. (78). 


C' K/le> 


; X 

... / . ... 

\ .. ./ 



Fiq. 49.—Similar to Fig. 47 but with secondary circuit having a natural frequency less 

than that of the alternator. 

Thus in Fig. 50 is shown at a the pulse of e.m.f. introduced into the 
oscillating circuit, in 6 is shown in full lines the condenser voltage curve, 
determined from Eq. (78) and in the dotted line the current produced 
in the circuit by the introduction of voltage E. 

Counting / = 0 at the beginning of the pulse, we have 




sin w/,.(84) 


Vc = E(\ — € cos <ji)t)y 


1 R 

in which and solution being approximate as a has 

been considered small compared to w. 
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If the pulse has a duration, T, at the end of the pulse, the voltage in 
the condenser is _ ^ 


yc = £’(l-*"“ cos o>T). 


■ ( 86 ) 


Now at the end of the pulse the solution of Eq. (1) is available if we 
substitute the proper initial conditions. The circuit solved in Eq. (1) 
was one in which the initial conditions were a charged condenser and the 
zero current. By inspection of Eqs. (86) and (84) it is evident that if 



Fi«. 50.—Effect of introducing a rcctanj^ular pulse of e.m.f. into an oscillatory circuit. 


wo make T — wfo) the current at the end of the pulse is zero (sin wT' = 0) 
and the voltaji^e in the condenser is tv = AX1 +6“"^), as cos a)T= —1. 

The equation for current from the end of the pulse (for length of pulse 
= T/a)) is therefore, 

1=-7(1+ € “)€ sin coi' 

(jiL 

where is reckoned after the end of the pulse. This current is shown in 
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curve Cj Fig. 50. At time /' = 7r/2c*), sin = l and the value of current is 

E ^ 

/m.x.=-r(e T).(87) 

o)L 

This is the maximum current obtainable from a rectangular pulse, of 
amplitude Ey no matter what its duration may he. Any duration either 
more or less than tt/cj will give less value to /max. 

A more fundamental way of looking at the problem is to consider a 
voltage of +E impressed on the circuit at the beginning of the pulse, and 
that this voltage is maintained; at the end of the pulse a voltage of —E 
is impressed on the circuit and maintained. Each of the impressed volt¬ 
ages will produce a current, and the actual current at any time is the sum 
of the two. 

The current after the second voltage ( — E) is impressed 
E E 

i = H—” € sin cct - j € sin a/', 

ocL uL 

in which t is the time after the { + E) voltage is impressed and /' is the 
time after the second voltage { — E) is impressed. If the interval l)etween 
the application of these two voltages is To, then the current after time 
To has passed is 

r"''sin .sin + 

If the damping is comparatively small, the maximum current will 
occur w'hen sin a/', and sin u;(^'-|-7o) are simultaneously equal to unity 
and of opposite sign. Moreover, it is evident that, In'cause of the daiiq)- 
ing factors, this maximum current will have its greatest \alue when the 
above conditions occur for the .smallest possibh* valuer of Inspection 
shows this to Ix' when — t 12 and cjTo = 7r; this means that the length 
of the puLse (time between applying -\-E and —E) should be (*qual to 
one-half the natural period of the circuit and the maximum current occurs 
one-quarter of a period after the end of the pul.se. Putting T()=T/2 
(T being the natural period of the circuit), the equation for current becomes 

1=-7 (€ + € \ -/ sin ijut ), 

(jlIj 

and if we now suppo.se ut' — tI2 and write the damping in terms of decre¬ 
ment, we get 

^ E . 

/(maximum) — -(c '*). 

icL 

An oscillographic investigation of impulse excitation was carried out 
by the author ^ and some of the films obtained are shown in Figs. 51, 52, 
' Proc, I.R.E., Vol. 8, No. 1, February, 1920. 
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Fig. 51.—Oscillogram of oscillatory current proflucecl by short pulse of e.m.f. 



V 


Fia. 62.—Similar to Fig. 51 but with longer pulse. 
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and 53. The upper record of the films shows the shape and length of 
pulse of e.m.f. introduced into the oscillatory circuit and the lower curve 
shows the current set up in the circuit by the pulse. A complete set of 




Fio. 53.—Similar to Fijj. 52 but with longer pulse. 


films was taken varying the length of pulse from less than 0.2 of th(‘ natural 
period of the circuit to several times the {XTiod. Th(' amplitude of the 
first and second alternations were measured and their values plotted in 



.1 .2 .3 A .6 .6 .7 ..8 .9 1.0 1.1 1.2 1.3 1.4 1.5 

Ratio of pulse length to natural period of circuit 

Fio. 54.—Variation in amplitude of oscillatory current with length of pulse. 


terms of the ratio of pulse length to natural pt^riod of the circuit; the 
results are given in Fig. 54, and it is seen that they are in accord with the 
prediction of Eq. (87). 
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Fig. 55. -Irroi^ular curront produml by series of pulses. 



yi 








Fia. 50.—Irrejifiilar current produced by series of pulses. 
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Fiq. 57. —Showing the use of a parallel resonant 
circuit for weeding out undesired signals from an 
antenna. Such a parallel circuit is often called 
an “infinite impedance.” 


In case a series of irreg¬ 
ularly timed pulses are im¬ 
pressed on an oscillatory 
circuit the resulting current 
will be of rather complex 
form; Figs. 55 and 56 show 
how such irregular pulses 
excite an oscillatory circuit. 
It is evident (Fig. 55) that 
pulses properly timed may 
practically neutralize one 
another as in this case the 
circuit was nearly dead after 
the last pulse. 

Impulse Excitation of a 
Parallel Resonant Circuit.—A 
condenser and coil in paralhd 


act like a circuit of very high 
resistance for an e.m.f. of the 
same frequency as that nat¬ 
ural to the circuit. The value 
of the resistance is predicted 
by Eq. (56), Chapter I, and 
curves are shown in Chapter 
I, Figs. 88 and 89; because 
of this characteristic the cir¬ 
cuit is often called an ‘‘ infinite 
impedance” circuit. The Eq. 
(56) was derived from the 
steady state of the circuit, 
and so predicts nothing re¬ 
garding the behavior of the 
circuit for other than steady 
alternating voltages; even in 
this case the equations are 
good only if the e.m.f. has been 
applied sufficient time for the 
transient terms to disappear. 

Because of the ‘‘ infinite 
impedance^' characteristic, 
the circuit is often used to 
eliminate from a circuit some 



Fia. 58.—Action of an approximately rectangular 
pulae of e.m.f. (a) impresaed acrosa parallel circuit. 
Curves in (6) show the separate currents, the total 
current being that shown at (c). 
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undesired frequency; thus in Fig. 57 the L-C parallel circuit is so 
adjusted that its natural period is the same as that of some undesired 
frequency which is impressed on the antenna. Now it is to be re¬ 
membered that the L-C circuit offers “ infinite impedance only for the 
steady state and it is interesting to note the impedance offered by it to 
a pulse of e.m.f. 

If the pulse is a square one, such as used in Figs. 50-53, the current 
flowing in the supply line (the impedance of the circuit other than that 
of the “ infinite iinixidance being neglected) will be about as shown in 
Fig. 58. The e.m.f. pulse form 
is shown in curve a; the full 
line curve of h shows the 
current flowing through the 
condenser and th(‘ dotted line 
that through the coil; in c is 
shown the actual current in 
the line, that is, the current 
which the “ infinite iinpc'- 
dance ” circuit lets through. 

'’Phesi^ curves, as meritioiu'd 
Ix'fore, are dniwn on the as¬ 
sumption that the impedanc(‘ 
of the r(‘st of the circuit is 
n(‘gligil)le. 

It would seem lik(‘ly that 
if the circuit does have sucli 
a very high imjx'dance for a 
certain frecpiency then it will 
offer a liigh imiKalance to a 
pulse, if this pulse is in the 
form of one alternation of a 
sine wave of the same fre- 
<iuency as that naturnl to the 
circuit. Fig. 59 shows the 
analysis of tiiis case'; a shows 
the form of jnilse c = E sin <xt j.'k;, 59.—of impressing a sinusoidal pulse 
(holding only between a 7 = () of e.m.f. across a parallel circuit, 

and o:t = ir); the curves of b 

indicate the currents through each branch, and curve r shows the 
current pivssed by the combined circuit. As the resistance in the 
parallel path is made to approach zero this fine current approaches 
a true rectangular fi^rm, j.e., current of constant magnitude and equal 
to 2irfCEy where / is the frequency of the e.m.f. of which the pulse is the 
alternation. 
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Analyzed mathematically, we have 


ic = oiCE cos Oil 


and 




R 


+ (ajL)“ 


sin bit — 


(joL 


R" ~f“ 


cos o)t “ 


ii)L 


/t!“ -f- 


). 


this being derived as a special case of Kq. (80). 

For a good coil, i.e., one having a high value for u)LIR, we have as an 
approximate value, 

/ R 1 I 

il = E \-—^ sin a?/- - cos cot-\—-e 

\(u;L)“ coR coR 

Adding to this the condenser current we get for the current passed by 
this parallel combination, 

. r/ ( r ^ 

\(wLj- \ coL 



If now the constants of the circuit are such that o;C = -—, IIhui 

coL 

, E/R , J<i 

1 = ——- sin 
coL\u'L 



( 88 ) 



Fio. 60.—Form of voltage induced in a rereiviiiK antenna l)y (lie paaHiij^c of one wave 
train a.s emitted from the ordinary spark transmitter. 


Oscillatory Circuit Excited by a Damped Sine Wave.—Ix)t us con> 
aider a circuit made of L, Rj and C in series as e.g., the ordinary antenna, 
to be excited by a damped sine wave of voltage such as is induced many 
times each second in an antenna by a signal from a distant spark station. 
The voltage caused in an antenna by every discharge in the tran.srnitting 
circuit is not exactly repn^mmtable by a damptnl sine wavt', Ix^caust! for 
the first few cycles its amplitude is increasing instead of decreasing; this 
is indicated in Fig. 60, which shows about the fonn of voltage actually 
induced in an antenna. The part A-B is relatively short (2J cycles for 
20 per cent coupling in the transmitting station) and the part B--C is 
really a damped sine wave represented by sin pL 
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The form of current induced in the antenna is determined in the usual 
way by putting the sum of its reactions equal to the impressed force. 

L = cos .(89) 

V being the voltage across the condenser. 

Writing the impressed force as a cosine function indicates that we are 
going to consider the case of maximum voltage at / = 0; such is the case 
when the circuit we are considering is acted upon by the oscillatory cur¬ 
rent set up in a neighboring circuit by the discharge of a condenser. Eq. 
(89) may be written in the form, 

d-v dv , E 

;/“,+2a = cos pt, .(90) 


by using the n'lations 

. ^ 1 

Differentiating (S9) twice with respect to time and eliminating the 
right-hand number by multiplying (90) by (p-+k‘-)y its first derived equa¬ 
tion by 2ky and adding both the resulting equations to the second derived 
ecpiation, w(‘ obtain 


(l^v (Ev d^v 

+ «)“./{ + [(+ + (+ot-) + 4rtA'] 


+ [2a(ir + k-) + 2 k{i 0 ~+a~)] + + + = . (91) 


This eipiation is in standard form for integration, the value of v being 
of the form 

r==^Vx€~^'sin {pt+e) + V 2 €~^'sin . . . (92) 

From this equation we get 

f = /i€~^'sin (pf+(?') + /2e""'sin (a;f+<^') . . . (93) 

This solution shows that the current flowing in the circuit is made up 
of two components, one of the same frequency as the impressed force and 
one of the natural fre(|uency of the circuit. 

This might have been sunnistal from an elementary analysis of the 
problem. Suppose the damping of the impressed force is zero, then 
Eq. (80), page 334, would give the correct solution and this has two terms, 
one of the frequency of the impressed force (which is the solution for the 
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steady state) and the transient term which dies away at a rate fixed by the 
decrement of the circuit. 

The relative amplitudes of the two currents, I\ and Izy will evidently 
depend in some way upon the relative values of the damping factors, k 
and a, also upon the relative values of the frequencies fixed by p and oj. 
By getting the values of r, dv/dty and d-v/dt- from (92) and substituting 
them in (90) we find the value of Vi to be 


Vi=E- 


and 


tan 6 = 


V [a;-— p“ + (Qf —+ —^*)“ 

o^--p^+(a-ky 
2pia-k) '* 


, . . . (94) 


Now by substituting in Eq. (92) the initial conditions that when t = 0 
i’ = 0, then differentiating (92) and in this equation putting dv/dt — 0 
w’hen t = 0 we get the value of Uj in terms of V\. Substituting the value 
of I'l from (94), we get, 

- . . (95) 

V [u)“ — -\-ia — k) “]- + 4/>“ (a — A) “ 

and 

o) u)“ — />“ 4" (o ~ A)“ 

tan </) =-- -;-. 

a — k a'” -j- P“ “f~ (of — A')" 


From the values of Ui and V> we find at once Ii and /_> by using the 
relations Ii = pCVi and — 

h=>J -, (96) 

LV [a;~ — P“-\- (cK — A')"!'' -i“4p*'(a ~ k)~ 


I2 = K 


\/ 0, - + (or — k) 

la/[ a;“— p“-h(o —A)•'']“ +4 />“'(o - Aj- 


. . (97) 


The values of 0' and 0'—Ivj. (93)—are determined from the values 
of 6 and <t> given above, by increasing each of them by 7r/2. 

The exact form of current in the circuit is now fixed by the values of 
/i, /2, A, a, p and a;. It will Ik* evident that if both damping factors are 
low and nearly equal, and the two freciuencies, fixed by p and w, are nearly 
equal, the condition.s arc the same as those for the secondary current in 
coupled circuits as illustrated in Fig. 26 of this chapter. If p = w there 
can be no l>eats; for all values of damping, the current, with frequency 
aj/2T increases in value from zero to a certain maximum and then dccrejises 
again. 
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An analysis due to Bjerknes * shows that this current can be repre¬ 
sented by the equation 

I = mCA/cos .(98) 

in which 7 ^ = —— and \l/ is the phase of the impressed e.rn.f. at time 


77 —CO A’ + a k — a 
If we let a = n = 

^ ^ 



in which 

cos hO; 

/\»= —cos ni — h sin 2nt)] 

P;i= — b cos 2/^/ + /? sin 2fit). 

In certain cases the form of M is simpler than indicated in Eq. (99). 


If p = 00 and k — a 

M = 

- . 

2mLC 

. . (100) 

If p = CO and k 9^ a 

M = 

, ~cU/ ~ht bt\ 

. . (101) 

If p^co and k = Lx 

.1/ = 

=^2»,»;x' ' ‘■ ■ • 

. . (102) 


In c;ise neither the damping factors nor frequencies are the same the 
general form given in J-]q. (99) must 1)0 used. 

In Fig. 61 are sliown the forms of current in the oscillatory circuit 
for the cases given in l](]s. (100) and (102). 

Resonance Curve of an Oscillatory Circuit Excited by Damped Sine 
Waves. —In C'hapter I we analyzed the action of an oscillatory circuit 
(L, C, and R in series) when excited by an alternating e.rn.f. of constant 
amplitude and showed that the form of the curve obtained when either 
Cy Ly or / was varied {E l)eing held constant in amplitude), enables us 
to determine the decrement of the circuit. The fomi of the resonance 
curve for the steady state dep)ends only iqx)n the relation between the 
impedance of the circuit and the frequency of the impressed force. When 

* V. Bjerknes, “Electrical Resonance,” Wied. Ann., 1895, Vol. 55. 
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such a circuit is excited by a damped sine wave the reading of the indi¬ 
cating device for showing resonance will depend on both of the terms 
in Eq. (93). If a hot-wire ammeter is used to show resonance it is evident 
that its reading will depend upon the average integral of the square of 
each of the currents /i and Iz- Bjerknes and others have analyzed the 
value of this integral and by somewhat lengthy deductions have obtained 
the relation, 

this holding good only for a much less than co, k much less than p, and 
for frequencies close to the resonance point. 



Hmuiia 


L^uatiod 1U2 


Fio. 61.—Two possible fortns of current in the antenna excited by the wave trains from 

a spark transmitter. 


At resonance (cj = p) this reduces to 


From (103) and (104) 


£'2 1 
/ 2 ^ _ 

" 16 L 2 A:a(A: + a) ' 

P _ {k + aY 

/r" (p-a.)''^+(A:+a)^’ 


P (A: + a)^‘ 


From this we get 
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If we now introduce the decrements, instead of damping factors, we 
have, putting k = ndi. and a=f& 2 , 

nh +/52 = 27r(n -/) 

It is to be remembered that n is the frequency of signal impressed on 
the wave meter and / is the frequency to which the wave meter is tuned. 
If now n is nearly equal to /, so we may put without much error //n= 1, 
we get, 

.(105) 

in which n is the frecpiency impressed on the wave meter and / is the 
frequency to which the wave meter is tuned. 



Fin. (>2.—Ile.sonanrc curve of a circuit excited by a series of dampeii sine waves. 

If then we have plotted a curve showing the variation of the current 
in the oscillatory circuit, as its natural frequency is varied, we can calculate 
the sum of the decit'ments of the circuit and exciting voltage; if one of 
them is known the other may then be obtained. The curve between 
(current)“ and/ will have the shape indicated in Fig. 62; when/=n, I has 
its maximum value /r, and it decreases as f departs from n. The amount 
of decrease in I for a given difference between n and / is the same whether 
/ is greater or less than n, provided the value of n/f does not differ materially 
from unity. 







354 


LAWS OF OSCILLATING CIRCUITS 


[CUAP. Ill 


If we then read the two values of / (call them fo and /i, f-z being greater 
than n and fi being less than ?t), st) chosen that the current is reduced to 
l/\/2 of its resonance value wo shall have 


and also 


5i -f" §2 — 27r 


«-/, I 0.51 r- 
n ^7,--0.57,2 


2ir 


n-fi 

7i ’ 


5i-}"52 = 2:7 


h-n 


Adding these two values, we get 


, , , h-h h-h 

0 1 + Oo = TT -= TT ——. 

« Sr 


( 106 ) 


In this eciuation /r is tliat frequency of the circuit which gives greatest 
current; this frequency vve know to be practically the same jis the fre¬ 
quency of the impressed force which we have been calling n. 

As the frecpiency of a circuit varies with the square root of the capacity 
in the circuit, we may write b/p (100) in terms of the amount of capacity 
used in getting the resonance curve. If Cr is the value used to get the 
maximum current and Cj and Ci correspond to and f\ of Kq. (106) 
then we have, very nearly 


5i + 52 = 


TT C 2 —C\ 
2 ~ 


(107) 


This is the equation generally used when using a wave meter forgetting 
the decrement of a transmitting set; although approximations hav(‘ been 
made in deducing it, the errors incurred are small if the sum of the two 
decrements is small (say less than 0.25), which is always the case in prac¬ 
tical radio set. 





CHAPTER IV 


GENERAL VIEW OF RADIO COMMUNICATION 

Wave-motion. —Since the transmission of intelligence by radio is 
brought about by sending out so-called electromagnetic waves, and since 
the transmission of these waves is somewhat similar to that of other kinds 
of waves, such as light, sound, heat, water, etc., we will first discuss wave- 
motion in a simple manner and then apply this to electromagnetic wave- 
motion. 

In wave-motion a stress is tran.smitted from one point to another in a,n 
elastic medium without any permanent displacement of the medium itself 
in the direction in which the stress is transmitted. Thus, if a pebble be 
dropped in a still pond at .4, an up-and-down motion of the water will 
be set up at .4, which will be transmitted to a point at R, without any 
resultant motion of the water itself in the direction A-/?, as evidenced by 
the fact that a float placed })e( w'een A and B will not be displaced toward 

Pebble dropped here 


i 



Fio. 1 . —Cross-sretion through surface of water, immediately after pebble has been 

drop|)ed at A. 


In the case of water waves the pebble dropped at A, Fig. 1, will dis¬ 
place the water directly under A to the right and left (in fact in all direc¬ 
tions) tow'ards B and C, and will produce the bulges at B and C known 
as “ crests.’’ These bulges are due to the fact that the w^ater displaced from 
A tends to raise the level all around A, but, on account of inertia, this 
cannot be done quickly enough, with the result that the level is raised 
most at B and (7, and hence the ‘‘ crests.” 

Considering the disturbances to the right of A alone, the particles of 
water in the space EBD will, because of gravitational forces, seek the 
average level of the water, and, in so doing, the bulge EBD will be made to 

^ If a wave is so high as to !‘breiik,'* i.c., an impure wave, this statement is not quite 
true. 
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disappear, and a depression will be created thereat due to the fact that, 
on account of inertia, the particles move beyond the average level posi¬ 
tion.” Not only is this the case, but the particles to the right of D will, 
one after the other, be urged, as if elastically tied together, to perform 
motions similar to those of the particles within EBDj so that a crest will 
presently appear to the right of D at the same time that a depression or 
“ trough ” is created in the region EBD. The result is that a “ trough ” 
and a “ crest ” cf a wave will appear to move in all directions, away from 
the center of disturbance at .4, and with a definite velocity. 

It must be understood that the motion of the particles is limited to 
a small region around their positions of equilibrium, and that the wave 
is propagated by imparting this motion to one particle after the other, 
wdiile each particle, after the disturbance has passed, remains in practically 
the same position as it originally occupied. 

An exact analysis of the motions of the particles is extremely complex 
and will not be attempted here, but we will give certain well-known ele- 


Direction cf wave travel 
B 



Fia. 2.—Motion of the water associated with a wave. 


mentary facts regarding it because of analogy between certain points 
regarding water waves'and electromagnetic waves. 

Theory indicates and experiment corroborates that the water {)articles 
within the path of a wave execute motions which are in the simplest cases 
circular. Taking this case of circular motion of the particle's and con¬ 
sidering Fig. 2, at C a particle of water will just 1 k‘ piissing through the 
undisturbed level and moving with a velocity Vi in a downward direction, 
while at B another particle will l>e moving with a velocity V 2 in a horizontal 
direction. Thus, at every point within the volume of the water involved 
in the wave propagation each and every particle will he executing a cir¬ 
cular motion in a clockwise direction, and the format ion of a crest or trough 
is the result of various particles Ix^ing, at any time, at different stages 
of their circular motions. Thus where the particles are moving horizon¬ 
tally in the same direction as that in which the wave is being propagated 
we obtain a crest, since a large number of particles are then at or near 
the top of the circle; where the particles are moving horizontally, but in a 
direction opposite to that of the propagation of the wave, a trough is 
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obtained, since a number of particles are then at or near the bottom of the 
circles representing their respective motions. 

Consider now the question of energy of a particle at it has velocity 
in the direction of the propagation of the wave, and, furthermore, it is 
displaced vertically upward with respect to the undisturbed level of the 
water; such a particle has kinetic energy in the direction of the wave prop¬ 
agation plus potential energy with respect to the average level. As the 
particle rotates the vertical displacement from the average level becomes 
less and less and so does the component of its velocity in the direction of 
propagation of the wave; so that when it occupies the position fii, its 
potential energy has become zero and so has the kinetic energy in the 
direction of the wave propagation. As it moves still further it suffers 
a negative displacement and its velocity acquires a component parallel 
to direction of propagation of the 
wave but opposite thereto, so that by ® 
the time it has reached the point B 2 g 
its potential and kinetic energy are 3 
equal and opposite in sense to those ^ 
which it had while at the point B. | 

It may he shown that the po- 

tential energy of a particle at any s 

point is exactly ecjual to the kinetic | 

energy in the direction of propagation 2 

of the wave, provided that the wave ^ 

is not changing shape. Because of a 

this there must he a fixed relation he- ^ o ^ c u 

Fio. 3.—Electric and magnetic nelds 

tween the displacement of a particle get up at P by wire A-B. 

above or below the undisturlx^d level 

of the water and 'the component of the velocity of the same particle 
parallel to the direction of propagation of the wave. 

Again, the total energy of a particle of water (potential and kinetic 
in the direction of propagation of the w^ave) is continually changing as 
the wave progresses, the particle in question passing its energy along to 
the particle adjacent to it, in the direction of the wave propagation; this 
transfer of energ>^ from one particle to another is the underlying principle 
of all wave-motion in water. 

Electromagnetic Waves. —These are due to a disturbance of an electro¬ 
magnetic nature and are such that they produce at points all around the 
center of disturbance a varying magnetic field and a varying electric field. 
Thus, if a wire, such as AB (Fig. 3) in space, has an alternating current 
flowing through it for a short interval of time, it will set up an alternating 
magnetic field and an alternating electric field all around itself, which fields, 
starting from the vicinity of the conductor, will travel away from it with 
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the velocity of light. In so far as to set up a magnetic field or an electric 
field requires energy, it follows that a certain amount of energy must 
be detached from that available in the conductor in order that the electro¬ 
magnetic disturbance be created at all. Thus energy is said to be “ radi¬ 
ated,'' and the phenomenon itself is known as electromagnetic radiation " 
or simply radiation." 

The electric and magnetic fields of radiation, at any one point, are in 
space quadrature, but they are at all times in time phase xoith each other. 
And not only is this the case, but there is a fixed relation between the 
values of the electric and magnetic fields at any instant; this relation is 
based upon the fact that, in order for the wave of electromagnetic dis¬ 
turbance to exist in space the energy, per unit volume of the medium, 
possessed by the electric field, must be ecpial to that possessed by the 
magnetic field. Thus the total amount of energy at any one point and 
instant is equal to twice that possesscal by either field. The value of this 
energy is changing as the intensity of the two fields changes, and, as a 
matter of fact, the energy is b<‘ing transferred from one point to the next 
by the elastic properties of the medium in which the disturbance travels. 
(The discussion of electromagnetic waves here given uses the idea of a 
medium as a carrier of the disturbance; to make this medium fill the role 
it is supposed to play in modern electron theory it must be considered as 
the superimposed electric fields of all the electric charges in the universe.) 
The reader will note that this is analogous to the case of water waves, 
where, at any point, the potential energy per unit volunu* is equal to the 
kinetic energy^ in the direction of propagation of the wave, and the total 
amount of energy is transferred from point to point within the medium, 
thus bringing about the conditions of wave motion. 

In the case of water waves or electromagnetic waves if, at any point, 
some of the energy' in one of the two forms (potential and kinetic for water, 
and electric and magmatic for electromagnetic waves) be withdrawn from 
the space wherein the wave exists, part, of the energy in the other form 
will he immediately transformed into the former, with the result that 
equality of the two forms of energy will still apply, but the crests and 
troughs of the water waves will not be as high as before, nor will the 
amplitude of the electric and magnetic field intensities l)e ns large as 
before. 

It must be noted that this phenomenon is different from that of the 
creation of the ordinary magnetic or electric field around the conductor, 
which field never reaches far from the conductor (with appreciable inten¬ 
sity), and does not represcmt energy pfTmanently removed from the con¬ 
ductor, since the variation of this field induces electromotive forces in 
the conductor, and thus an exchange of energy is kept up between the 
conductor and the field. This field is known as “ induction field " to 
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distinguish it from the ^^radiation field/^ wherein we are more vitally 
interested. 

In the case of the radiation field at any point such as P, Fig. 3, 
the magnetic field would act along PD and the electric field along the 
line PC at right angles to PZ), while the disturbance would travel in the 
direction of the arrow at right angles to both PC and PD. Both fields 
change in value and in direction in accordance with the variations of the 
current in the conductor producing the disturbance; if this is harmonic 
the two fields will change harmonically. At some other point such as 
Pi the disturbance will arrive a little later than at P with the result that 
the fields at P and P\ are out of phase, the phase difference depending 
upon the frequency and the velocity of propagation. Fig. 4 shows a 


•<- - One wave lengrth-^ 



Fiq. 4.—The eleotrio field of the radiation w.ave is nearly perpendicular to the earth’s 
surface; the magnetic field (shown hv the dots) is parallel to the earth’s surface. 
Maj^netic and electric fields have their maximum intensity, at any instant, at the 
same place. The maj^netic field reverses its direction when the electric field 
reverses. Magnetic fields are showm hv dots in this figure irrespective of whether 
their direction is into, or out of, the page. 

cross-sectional view of the magnetic and electric fields associated with the 
ordinary type of wave used in radio communication. The magnetic field 
has a direction parallel to the earth’s surface and is shown by the dots of 
Fig. 4; the electric field is essentially {X'rpendicular to the earth’s surface. 
The two fields extend to some distance into the earth, becoming rapidly 
weaker with depth. The fields penetrate deeper into dry earth than into 
moist earth, penetrating a minimum depth into sea water. 

The electric and magnetic fields always have their maxima and minima 
at the same points as the wave travel! along with the speed of light 
away from the source of disturbance, i.e., away from the transmitting 
antenna. 

Considering one of the two fields, say the magnetic, and plotting the 
instantaneous value of the field against distance from the conductor of 
Fig. 3 we would obtain a curve such as A in Fig. 5, which applies to any 
particular instant of time. A little later the plot of the field would be 
given by the curve B in so far as the intensity at every point in space will 
by then have varied so as to make the new curve possible. The wave has 
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thus been shifted in the direction of the arrow by the amount C. If we 
plot a number of such curves we would find that the wave has shifted the 
distance X, by the time the magnetic field has completed a cycle. We 
thus have that if: 

X = wave length in centimeters; 

t; = velocity of propagation of wave in centimeters per second; 

/= frequency of the field in cycles per second. 

Time for one cycle = 1// 


or v = .(1) 

which is the fundamental relation for any wave propagation. 



Velocity of Propagation.—For electromagnetic wav(‘s this is equal, 
as already stated, to the velocity of light wlu*n the wave is being propa¬ 
gated through air, but in general, for any medium, we have the following: 

F = velocity of light in vacuum; 

t; = velocity of propagation of wave in any homogeneous medium; 

/i = magnetic permeability of the medium; 

it = specific inductive capacity (inductivity of medium). 


V 


V — 




( 2 ) 


since for air ^ = 1 and /: = 1, e = F. 

This formula neglects any po.ssible effect on the velocity of propagation, 
of any losses occurring in the medium, due to conduction, hysteresis, or 
dielectric losses, etc. 

As shown by Kq. (2) the velocity of propagation is dependent only 
upon the nature of the medium through which the wave is moving (its 
magnetic and electric constants), and is not affected by the wave length 
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or by the frequency. Thus, in considering the conductor AB of Fig. 6, 
as the source of an electromagnetic wave, this wave would spread out in 
the direction of C with the velocity of light, but in passing through the 
mountain to the left the velocity would be lower. If instead of a mountain 
we should have a sheet of metal for which the value of k is ordinarily 
considered as infinitely large, then: 


V 


= 0 , 


that is, the wave would stop completely;^ the energy of the wave would 
he partly absorbed by the metal in the production of electric currents 
therein and partly reflected back. Not only would the wave travel in 
the direction C and D, but in every other direction, up into the air in 



On btrikinjf the mountain at A, part of the energy 
l^ reilcctetl and piirt transmitted into the earth, 
ith low velocity and high attenuation 


Fig. 6.—Enorpy radiated from an antenna is subject to the same laws of reflectioa, 
refraction, and absorption as ordinary light. 


the direction of F and J, and into the water and earth in the direction of 
L and G. 

As the wave travels outward some of the energy is absorbed by the 
medium if this Ix^ other than air: even in air there is some absorption of 
energy, especially in dajdight, due to ionization making it partially con¬ 
ducting; and, in other materials, losses are produced by the varying electric 
and magnetic fields w^hich absorb energy from the wave itself. The result 
of this is, of course, that a distance is soon reached where practically 
no more energy is available and the disturbance ceases to be communi¬ 
cated (in measurable intensity) any farther. The distance over which 
a certain amount of energy will travel through air, even in daylight, before 
being absorbed is, of course, much greater than through solid matter or 
even liquid, due to the fact that the losses (eddy currents, magnetic 

^ This conclusion is not strictly accurate; the velocity in such a case would be much 
less than the velocity of light, but would not be zero. The discrepancy arises from the 
very elementary viewpoint from which wave-motion is here considered. 
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hysteresis, dielectric hysteresis, etc.) are greater in these substances than 
in air. 

Electric waves traveling over wires do not have as much velocity as 
the radio waves traveling through free space. The velocity of waves in 
wires depends to some extent upon the frequency, being greater for the 
higher frequencies. In the following table are given the velocity of travel 
of waves over pairs of wires in cables, with heavy loading, light loading, an 
unloaded pair, and open wires. 



.Mil(“S piT Seroiwl 

Cable pair 88 niillihenry coils every 3000 ft.. 
Cable pair 44 niillihenry coils every 6000 ft. 
Cable pair No. 16 B. ^ S. wire unloaded . . . 

Open wire pair . 

Riidio. 

10,000 

20,000 

130,000 

1S0,(XXI 

186,(XX) 


Waves Used in Communication.—If eonimunieation is to be carried 
on by radio weaves, a fundamental requirement has to do with frequency. 
The power radiated from on antenna varies as the square of the frequencpy 
other factors remaining the same; Ix^cau.sc of this fact, we find used in 
radio only frequencies above about 15,000 cycles {xt second. Generally 
the frequency is much higluT than this, so we find the two terms kilo¬ 
cycle (1000 cycles) and megacycle (1,000,000 cych's) used. At present 
the lowest radio frequency is 15 kc. (kilocycles) and th(^ high(‘st about 30 me. 
(megacycles). Experiments are Ix'ing carried on with frequencies as 
high as about 300 me., but such high frequencies have at present no com¬ 
mercial application. . 

In Fig. 7 ^ is shown the distribution of all the electromagnetic waves at 
present known. Below the chart are given th(‘ frequencies, and corre¬ 
sponding wave lengths, in metcTs or centimeters; above are given the 
wave length in Angstrom units, the unit used in light mc'asurements. 

The use of radio waves is controlled by our Federal Government, in 
cooperation with those of other nations. Because of the world-wide char¬ 
acter of radio communication, its control is nec(*ssarily one of international 
scope. 

In so far as our government controls radio wav(\s, they have been 
assigned roughly as shown in Fig. 8.^* ddie broadcasting field embraces 
a band only al)out lO(K) kc. wide, 550 kc. to 1500 kc. (547 meters to 200 
meters). Below this range of frequencies, the 50()-kc.-wide l>and is used 
mostly for point-to-point communication, the lower ones being used by 
the high-powered stations for transoceanic radio channels. Above the 

^ Electronics, April, 1930. 

* Electronics, April, 1930. 
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Fig. 8.—Assignment of radio waves, by the government, for different classes of radio communication. 
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broadcast range, there is a band 20,000 kc. wide; in spite of the large 
number of channels available in this wide band, they are all assigned by the 
government for some useful service. 

Transmission on Different Waves.—The wave length which shall be 
used for a definite service is fixed by compromise of several viewpoints, 
the first of which is probably the reliability of the communication which 
can be obtained, with a reasonable amount of power at the transmitter. 
The availabilit}^ of the desired wave length, the amount of disturbing 
effects at that frequency at the location of the receiver, the cost of the 
transmitter, possibility of directive transmission, etc., all must be con¬ 
sidered. 

The large transmitting stations, using hundreds of kilowatts of power, 
transmitting antennas several hundred feet high and receiving antennas 
several miles long, use the long waves of the radio sfK^ctrum (15 to 35 kc.). 

They furnish practically contin¬ 



uous transoceanic communica¬ 
tion, being interrupted only 
during heavy electrical storms 
in the vicinity of the receiver. 
However, there are not many 
of these long-wave channels 
available. 

With higher frequencies, the 
distance over which reliable 
communication can be obtained 
decreases up to frequencies of 
several megacycles. Thus a 
5-kw. broadcasting station at 1 me. gives reliable transmission over 
only a few hundred miles at night and much less than this in the 
daytime. For frequencies above 3 me., however, the reliable distance 
again increases, and a wave of 15 meters (20 me.) gives reasonably reliable 
communication during the day over many thousands of miles. Such a 


Fig. 9.—At a given location it will generally 
be found that there ia a most favorable 
frequency, where the signal to noise ratio 
is a maximum. 


short wave, in combination with another about twice as long, will give 
nearly continuous communication up to 8{K)0 to 10,000 miles. One is 
best ter day communication and the other for night. They have what is 
called a skip distance,’^ which signifies that a short wave may be heard 
for a distance of perhaps 50 miles from the transmitter and then not heard 
for perhaps 2000 miles; after this distance is reached, the signals may be 
received strongly up to possibly 8000 miles. The distance between the 
50 miles and 2000 miles is called the skip distance. 

For a given transmitter it is frequently found that some wave length 
gives a better signal at the receiving point than either shorter or longer 
waves; such an effect is shown in Fig. 9. In this figure the signal received 
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across the Atlantic is plotted as a function of frequency, and it is seen 
that about 20 kc. was the best. However, there was much “ noise ” at 
this frequency also, so that it would not be the best frequency to use, even 
if it had been available. 

Different T3rpes of Waves.—Radio communication is carried on by 
either dot-and-dash code (telegraph) or by the spoken word; different 



Fig. 10.- -Type of antenna current in a spark station. 


types of waves are used. In spark telegraphy a series of damped wave 
trains are sent out; the waves of a train follow each other at radio fre¬ 
quency and one train follows another at audio frequency—this type of 
signal is indicated in Fig. 10, which shows two wave trains. The frequency 
generally used in this type of communication is 500 kc. (600 meters), and 
the number of wave trains per second varies in different transmitters 
from 240 per second 
to 1000 per second. 

At the transmitter a 
spark initiates each 
wave train, so the 
number of wave trains 
is fixed by the numl>er 
of sparks ixt second 
at the transmitter. 

In continuous 
wave telegraphy (C. W.) 
the antenna at the 
transmitter is excited 
continuously by a radio-frequency current of constant amplitude, as 
long as the key is held depressed. This is indicated in diagram A of 
Fig. 11, which shows the letter “ u ” sent by continuous wave teleg¬ 
raphy. The frequency of the current in the antenna might be 500 kc., 
the duration of a dot 0.05 second and of the dash 0.15 second. Then the 
dot would consist of 25,000 cycles of 500-kc. current, and the dash would 
be 75,000 cycles. This type of wave requires a special type of receiving 


Key 

down 


I Key 
> up 




c. w. 


mmiB mimmu 


Key 

down 


Key 

up 




l.C. W. 


' Ill # ill'llf W,ff ffff - 


WTw? m wi 

Fig. II.—The type of wave used for a radio telegraph 
channel; in .4 an ordinary continuous wave signal is 
shown and in li the stnne signal is shown in “int^upted 
continuous wave” type of radiation. 
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set to be available; there must be an oscillating vacuum tube in the 
receiver or no audible signal will be obtained. 

In interrupted continuous wave telegraph (I.C.W.), the radio-frequency 
current is fed into the antenna in groups of waves, as long as the key is 
held down. The group frequency depends upon the construction of the 
transmitter; it is generally about 500 per second. Diagram B of Fig. 11 
shows an u sent by this method of communication. Assuming that 
the radio frequency is the same as for the C.W. signal, each group will 
consist of 500 cycles of current, and there will l^e 25 groups for a dot and 
75 groups for a dash. This type of communication can be picked up by 
the same simple type of receiver as is recpiired for spark telegraphy. 

When the radio communication is carried on by radio telephony, there 
is no key for opening and closing the transmitter circuit; the antenna 
is continuously excited by a radio-frequency current. The amplitude of 

the radio-frequency 
current, however, 
goes up and down 
in accordance with 
the form of the sound 
wave to be trans¬ 
mitted. In case a 
musical note is being 
sent out, the radio- 
frequency current 
has a jxTiodic ampli¬ 
tude fluctuation, the 
form of the fluctua¬ 
tion depending upon 
that of the musical tone, A radio-frequency current for a simple tone 
is shown in diagram A of Fig. 12, and in diagram B is shown the more 
complicated fonn possibly associated with part of a spoken word. 

Frequency Standardization.—At present, there are in the United States 
over 600 transmitting stations opc^rating in the broadcasting band of 
frequencies, i.e., from 550 to 1500 kc., and of course there are hundreds 
of ot^er stations on the Iowct and higher frecpiencies. To prevent these 
numerous stations from interfering with one another, it is essential that 
they transmit on their assigned frequency with very little deviation there¬ 
from. This problem has two aspects; how accurately can the govern¬ 
ment bureau maintain and measure frequency standards, and how well 
can a commercial station adhere to its assigned frecjuency? 

By the use of small pieces of piezo electric quartz, suitably excited by 
a vacuum tube, it is found possible in the laborotory to maintain frequencies 



Fig. 12.—A radio telephone signal; in A is shown a musical 
note and in part of a s[)oken word. 
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to about one part in a million. The engineers of the Bell Labora¬ 
tories have done remarkable work along these lines; typical of their 
results are those given in Fig. 13.' This oscillator had a deviation from the 
mean value of only a few parts in during 12 days of operation. This 
source of constant frequency was a 
quartz oscillator with accurate tempera¬ 
ture control. As showing the degree 
of standardization now obtaining be¬ 
tween different nations, the following 
tabulation gives the result of comparison 
of international standards by means of 
a quartz oscillator taken from our Bureau 
of Standards to several national lab- 


20 

2 10 
.£ 0 
t 10 
(2 20 


0 Days 12 

Fig. 13.—Showing the constancy of 
a frequency standard, an oscillating 
triode circuit controlled by a small 
j)iece of quartz crystal. 


oratories and then back to the Bureau of Standards. Two different 
quartz oscillators, temperatun^ controlkvl, were used as the medium of 
comparison. Dellinger reports results :is tabulated below: 



J^late A, 

Plate B, 


CyrU‘^ 

Cyele.s 

Bureau Standards .. 

200,122 

200,112 

England. 

200,118 

200,128 

France. 

200,134 

200,149 

Italy. 

200,119 

2(X),137 

(Jerrnany. 

2(X),131 

2(X),152 

Bureau Standards. 

2(X),115 

2(X),138 


It will be s(‘en that during the months required for the trip one oscillator 
changed its fretjuency only 7 cycles per second in 200,000, and the other one, 
only 4. It will also be seen that the different national laboratories agreed 
with th(* mean frequency to about 10 cycles in 200,000. The agreement is 
undoubtedly closer today. 

It is evid(’nt that ver\' special schemes of measurement must be 
employed to determine frequency with the precision called for in the fore¬ 
going tests. In general these high radio frecpiencies are measured by the 
us(^ of auxiliary freciuencies which are adjusted to be sub-multiples of the 
frecpiencic's to be measured, and these lower frequencies (or sub-multiples 
of tliem) are compared against a quartz-crystal-driven electric clock, 
which latter has been compared with the U. S. Naval Observatory standard 
clocks. Those skilled in this work attain remarkable facility and accuracy; 

^ Horton and Marrison, I.R.E., Feb., 1928, p. 137. 

UVoc. I.H.E., May, 1928, p. 579. 
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using the scheme outlined above it is possible to measure frequency to one 
part in a million. ^ 

Short-wave Transmission. —But a few years ago it was thought that 
wave lengths of less than 200 meters (1.5 me.) were of no use for long¬ 
distance communication. When the wave-length band above 200 meters 
was assigned to broadcasting, the amateurs were assigned to shorter wave 
lengths, and they soon were establishing long-distance communication 
with wave lengths of less than 100 meters. This causinl the commercial 
communication companies and government engineers to investigate these 
very high-frequency signals, and soon a tremendous amount of experi¬ 
mental data had Ix'cn compiled 
from which the pxTformance of 
short-wave channels could be 
ascertained. 

The first transatlantic radio 
telephone channel us('d a wave 
length of 5000 meters; the 
transmission at this frequency 
varies 1 a great deal throughout 
the 24 hours, so much so that it 
was regard('d as advisable to 
supi)l(anent the channel with 
others of dilT(u*ent frecpiencies. 
In Fig. 1 1 are shown the com- 
j)arativ(‘ transmission character¬ 
istics of a 50(K)-m(‘t(T wave and 
thr(‘(‘ short wav(‘s 10, 22, and 33 
meters. It can seem that it is 
(|uite possible' to supplement the 
' ' long waves with short-wave 

Fio. 14.-ShowinK how short-wave channels <-f'-*nnols ai„l thus gain in roli- 

may supplement a lon«-vvavc channel. al)ility. 'I'iic size of transmitting 

oquipinont rt'quired for th»' short¬ 
wave channcl-s i.s much le.ss than for the longt'r ones, 'fho results of 
Fig. 14 are given by Blackwell^ and repre'.sent the average of thousands 
of readings by engineers of the telephone' company. 

h]spen.schied has chissified the varieais available short-wave channels 
as to their day and night utility as in Fig. 15. Short waves are not good 
for less than alxnit 1000 miles, .so his curves start at this elistance. For 

* ‘‘Accurate methods of rneeisuring treinsmittcMl wave frofiucncies at 5 and 20 rae?ga- 
cyclcs per second."- Hall—I.R.E., January, 1931, p. 35. 

* Blackwell, April, 1928. 

’ Espenschied, I.R.E., June, 1928, p. 773. 
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day transmission the best frequency is given on the graph by something 
below the Day line and above the dashed curve. For night transmis¬ 
sion some frequency between the dashed line and the line marked “ Night 
should be used. For 24-hour transmission two frequencies should be 
chosen, one for day and one for night. A chart due to Baker and Rice is 
shown in Fig. 16. It has been assumed that 5 kw. of power are sent out by 
this transmitter and that the receiver requires a signal strength of at 
least 10 microvolts {x^r meter. Their chart then shows the distance 
over which communication can be established with the frequency which 
should be used. 

Wilson and Kspenschied ^ summarize all data available at that time in a 
curve sheet reproduced in Fig. 17. They take cognizance of the fact that 
the best wave for summer is not the best wave for winter conditions, 
especially for night transmission. 

The two sets of curves, Figs. 16 and 
17, show reasonable agreement, 
although compiled largely from the 
results of different tests. 

Skip Distance.—As the receiver 
is moved away from a short-wave 
transmitter, the signal falls off, in 
intensity, very rapidly, much more 
so than from a station sending out 
waves whose lengt h is several hundred 
meters. It was undoubtedly because 
of this rapid attenuation that the 
usefulness of short waves for long¬ 
distance communication was ques¬ 
tioned. Both Idgs. 16 and 17 show 
a curve marked “ Limit of ground 
wave”~and it will be seen that the 
possible distance over which com- 



Fig. 15.—Day and nij^ht utility of short¬ 
wave channels; in j^eneral shorter waves 
are re(]iiired for day transmission than 
fur night transmission. 


munication can be established is small. Thus for 30 meters the possible 
distance is about, 75 miles, yet this same 30-meter wave is good for 
communication up to 10,000 miles on a winter night! However, Fig. 16 
shows that on a winter night this 30-meter wave would give too weak a 
signal for distances less than 4000 miles! Thus the 30-meter wave would 
permit communication up to 75 miles from the transmitter, would be too 
weak to be picked up from 75 miles to 4000 miles, and then give reliable 
communication from 4000 to 10,000 miles! From 75 to 4000 miles would 
be the skip distance of this wave for a winter night. For a summer 
day the skip distance would be from 75 miles to 400 miles. 


‘ B.S.T.J.. July, 1930. 
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Taylor has recently reported on the skip distances of very short waves;' 
his experiments were made with frequencies from 20,000 kc. to 40,000 kc., 
and he found skip distances, in the day time, of from 800 to 1800 miles. 
At night time the results are too variable to reach any definite conclusion. 

Range in Miles 



Fig. 1G,—Relative propagation of various wave lengths, taking into aerount the 
refleeti{)n from the up|>er atmo.s[)here. \ 5-kw. transmitter, and require<l fudd 
strength at the receiver of lO-rnicrovoIt.s per met(T, are assumed. 



Fig. 17.—For night in summer a shorter 
wave is advisable than for a night in win¬ 
ter; to some extent the same is true of day 
traosmiseion. 

‘ I.R.E., January, 



A.M. Noon I’M. 

Fig. 18.—On one radio channel the 
shortest wave that could be used for 
communication varied throughout 
the day as shown here; the distance 
involved here was only 56 miles. 

1931, p. 103. 
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In making some experiments with short-wave transmission, Clapp ^ 
found that, with a 50-watt transmitter, a receiving station 55 miles distant 
could get no signal unless a sufficiently long wave length were used. As 
the wave length was diminished, a definite value was found below which 
communication was impossible, because of the high attenuation. This 
cut-off'' wave length he found to vary with time of day, typical values 
being as shown in Fig. 18. At 6 p.m. he could transmit with a 32-meter 
wave, but at 12 o’clock at night a 32-meter wave was of no use; the shortest 
wave he could use was 45 meters. 

Kennelly-Heaviside Layer.—With increasing height air becomes more 
and more rare; at sea le^^l the pressure is 760 mm. mercury; at 5 miles it is 
about 300 mrn.; at 10 miles about 90 mm.; at 20 miles about 10 mm., etc. 
Also with increasing height the intensity of the sun’s radiation increases 
because a smaller part of it hiis been absorbed by the atmosphere. But the 
lower pressure and the increased radiation both tend toward ionization of 
the atmosphere; the number of free electrons per unit volume will there¬ 
fore increase with increasing height,. Of course, at a distance of thousands 
of miles there will be no sensible amount of air, so that here the number of 
free electrons per unit volume will be low in spite of the intense radiation. 
It will \ye apparent, therefore, that at some height above the earth’s surface 
there will b(‘ a layer of ionized air; the layer will not be very definite in its 
limits and \Nill probably be at different heights under different conditions, 
summer and winter, day and night, etc. This semi-conducting layer 
in the upper reaches of the atmosphere was apparently postulated by 
Kennelly and Heaviside independently; it is called the Kennelly-Heavi¬ 
side Layer. 

Now a radio wave is reflected by a conductor, so we might expect that 
this layer will reflect to a greater or less extent the radio waves impinging 
upon it. Flirtlu'rmore, a knowledge of the laws of optics leads one to 
(‘X{x'ct that it will act differently for waves of different frequencies. Such 
proves to be the fact; some wave lengths are reflected by it, while others 
go right through it. 

An attempt at the mathematical analysis of the reflection of electro¬ 
magnetic waves at media with varying conductivity and dielectric constant 
has been given,*^ but it can naturally lead to qualitative conclusions only, 
as we do not know either of these constants for the upper atmosphere; 
most of our knowledge of this reflecting layer must come from experi¬ 
ment. 

Many clever experiments have been carried out with the idea of meitsur- 
ing the height of this layer; the time for a wave, generated on the earth, to 
travel up and back is measured by oscillograph record or similar scheme. 

’ IJl.PL, March, 1929, p. 479. 

=» Elias, I.R.E., May, 1931, p. 891. 
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The height of this layer evidently varies, to a considerable extent, with 
weather conditions; it probably acts otherwise for long waves than for 
short ones. Various experimenters have reported it at heights of from 75 
to about 700 km. Heising ^ finds heights from 155 to 400 miles, the aver¬ 
age at night being 200 miles. His tests seem to show that the layer moved 
up and down with velocities of several miles a minute. Using a wave 
length of 40 meters, the yearly average height was bet ween 120 and 240 km.; 
with 70 meters it was found to be 90 to 220 km. (day). With long waves 
heights of only 75 km. (day) and 90 km. (night) have l)een reported. 

Merick and Hentschel - reported tests with an aeroplane transmitter 
and ground receiver. The interference InHwetui the ground wave and sky 
wave produced periodic fading at the receiver, the pcu-iodicity of the fading 
depending upon the speed of the plane and height of ionized layer, etc. 
They reported a height of 87 to 102 km. for daytime. 

Kenrick and Jen ^ report varia¬ 
tions in the height of the layer, 
as measured with a 443r>-kc. signal, 
to Ix' variable throughout the day 
as shown in Fig. 19. They find 
as did Heising, that the layer rises 
more .slowly than it falls. The 
diffenuit heights, as measured at 
Philadelphia and Washington, would 
indicate that tln^ layer is cloud¬ 
like in its distribution, Ixdng much 
closer to the earth at one place than 
at anothcT a few rnil(‘S away. 



Fia. 19.—Variation in height of the 
Heavi.side layer, as measured through¬ 
out the day. 


(filliland reportsthat when 
tested with frequencies between 4 and 8 nu'gacycles the layer is gen(‘rally 
from 225 to 275 km. high, occasionally showing a ludght as great its 


400 km. 


Oscillograms frequently show .several reflections of a single pulse, 
indicating that there are several layers, one above* the^ other, acting as 
reflectors.'’ 

Attenuation of Propagated Waves. —The electromagnetic waves set 
up by the transmitter are propagated in all directions through the ether 
at a velocity corresponding to that of light, as discu.sst'd in the earlier 
portions of this chapter. As the distance from the transmitter increjises, 
their amplitude or intensity dt^creases, due to the waves spreading out in 


* I.R.E., Jan., 1928, p. 75. 

* I.R.E., June, 1929, p. 1034. 

»I.R.E., April, 1929, p. 711. 

H.R.E., January, 1931, page 114. 

^^DeMarB, Gilliland, and Kenrick, I.R.E., January, 1931, p. 106. 






ATTENUATION OF PROPAGATED WAVES 


373 


ever-widening circles and energy being absorbed by the different media 
through or over which the wav('s may be propagated. This decrease in 
intensity, expressed in terms of the initial intensity at the source, is called 
the attenuation of the wave. 

Many investigations have been made to determine the attenuation 
of these waves, among lh(‘ more important of which may be mentioned 
those carried out by L. W. Austin^ in 1909-1910, using the station at 
Brant Rock, Mass., as the receiver and the transmitting sets on U. S. 
cruisers for sending. Ilis results cover one special case only, namely, 
transmission during daylight over st^a-water. 

Through the points, obtained from these experiments, a curve was 
drawn, the ecpiation of which as d(‘duced by Austin^ and Cohen, is as 
follows 

T 4 r -oooir, 

where A is a constant; 


1 . 'i 


h is the effective current in the transmitter antenna; 
Ir is the etT(‘ctiv^(‘ current in the receiver antenna; 

is the height of the transmitting antenna; 
hr is the h(‘ight of the receiving antenna; 
d is the distance between the two stations; 

X is the wave length of transmission. 


All lengths are expressed in kilometers. 

For the ranges cover'd by Austin’s inv(‘stigation, namely: 

= 7.0 to 30.0 amperes 
hr and lu — 12 to 40 meters 

X=3()0 to 377)0 meters 
d = up to 1500 kilometers 


the constant A was found to be equal to 4.25. 

The receiving antenna resistance was 25 ohms, effective. 

The above formula for wave propagation is known as the Austin- 
Cohen formula; whereas it seemed to fit reasonably well for the conditions 
in the experiments from which the empirical constants were obtained, 
more recent tests, probably more accurate, and carried over a greater 
range of wave-length yield somewhat different constants.“ 

‘ L. W. Austin: Hull. Bureau of Standards, vol. 7, p. 315, 1911 and vol. 11, p. 69, 
1914. 

’ More recent tests by Valauri on the strength of signals received at I.eghorn from 
Annaix)li8 indicate that the attenuation is much less than Austin’s formula predicts. 
Vallauri’s measurements gave a fieUl strength at his receiving station about ten times as 
great as the value calculateil from Austin’s formula. See also “Ivong Distance Wireless 
Transmission,” by C. F. Elwell, Inst, of Elec. Engineers, June, 1921. 
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Summarizing the results obtained to date we may write 


_ . ^ hX 

Ir = AI,— € 
d\ 


and have for the empirical constants a and (5y 



a 

& 

Sijmrnerfeld. 

0 0017 

0.33 

Aust in-Cohen . 

0 0015 

0.50 

Fuller. 

0 0045 

1.4 

Esi)enschied. 

0 005 

1.25 


The latter figures give the average of 5000 observations, for daylight 
transmisvsion over the ocean through a 5000-kiu. distance. With an 

antenna input (trans¬ 
mitter) of 50 kw. the 
naH'ived signal varied 
(luring the day from 
1 to 100 microvolts 
per meter, for a fre- 
cpumcy range from 
15 to 50 kc. 

The signal from 
the 50-kw. station 
gave field strengths 
at different distances 
as shown in Fig. 20. 
Th(‘ solid line shows 
the predicted field 
strength using Kspen- 
schicars constants, 
and the plotted points give the average of a yearns observations. The 
signal was of 5000-meter w’ave length. 

Cherry ^ measured the attenuation of station 3LO (Melbourne) over 
land and over sea, and some of his results are given here. P4g. 21 shows 
the signal strength over sea, in the daytime, with exception of the last few 
miles. In Fig. 22 is shown the attenuation over land and sea; instt'ad of 
plotting field strength there has been plotted, as ordinate, log (field strength 
times distance). The curvature of the earth affects the signal strength to 



Fig. 20.—M(?a.sumJ 8tron^(th.s agree rea.s<>na}>ly well 

with the cak^ulated valiie.8, using Hxjiensehied'H eon- 
8tant«. 


* Proc. Physical Society, April, 1030. 
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some extent; in the sea-water graph of Fig. 22 a correction has been applied 
to take care of this effect. 

In Fig. 23 is shown a signal distribution curve over land of different 
characteristics; the shaded areas represent mountainous wooded regions 
with a high attenuation. In the accompanying table is shown the great 

Drop in Skjnal Strength through Timbered Country 


NN’idtli of ^\'oodp<l 
Strip, Milfs 

lnten«ity before and after 
Traversing Woods 

X-371 Meters 

X — 484 Meters 

0 

12 4 to 1 0 

14.5 to 5 7 

5 

8 () to 2 0 

8 0 to 3 G 

() 

7 5 to .3 7 

G G to 4.1 


10 5 to 2 0 

10 5 to 3 G 


Signal .slreiij^th in millivolts per meter. 


drop in signal strength as (he waves travel through a short piece of wood¬ 
land. By inspection of Fig. 23 it may be seen that the attenuation caused 
by a few miles of forest is as 
great as that taking place over 
50 or 75 miles of flat land of 
good conductivity. 

In Figs. 24 and 25 are shown 
the distances a given amount 
of pow(‘r will send a signal of 
certain strength, both through 
city territory and through 
the country, with low at¬ 
tenuation. These results are 
from a paper by Edwards and 
Brown. ^ 

Refraction of Waves.—In Fig. 6, p. 361, is shown a conventional picture 
of an antenna, sending out radiated energy in all directions. Where the 
energy travels in the direction of C (Fig. 6) through the air, there are parts 
of the wave which are close to the water (or earth as the case maybe); 
it follows from Kq. (2) that the parts of the wave in the sea or ground 
cannot travel as fast as the rest and therefore lag behind, and the surface 
bounding the advancing wave in air is distorted, the “ feet of the wave 
being held back, thus reaching a given distance from the transmitting 

11.R.E., Sept., 1928, p. 1173, 



IiG. 21. —Varmtion in field strength with 
distance. 
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station later than some other part of the wave which is more distant from 
the absorbing medium (earth or sea). This makes the wave front lean 
over ” as the wave advances. The table following lists some values of 
the wave-front angle as obtained by Austin ^ at the Bureau of Standards 
Laboratory. 


Sending .Station 

Di.stance in 
Xautiful Milc.s 

Wave Length 
ii\ Metera 

.\pparent Angle 
of Wave Front 

New Brunswick. 

152 

13,000 

-f3.r 

Annapolis. 

29 i 

17,200 

-2 2° 

Nauen. 

3595 

12,5(X) 

+3.4" 

San Diego. 

1974 

15,200 

-0.8" 


The angles listed are measured Ix'tween the wave-front and the vertical; 
+ indicates a bending forward; — indicates a bending backward. No 

marked change in angle was 
noted on iiK'asurements made 
at night: the foregoing repre¬ 
sent daylight measurements. 

The amount of this vertical 
tilt depends upon the conduc¬ 
tivity of the earth or water 
over which the wave is travel¬ 
ing, being greater as the 
conductivity is higher. The 
effective resistance jx^r centi¬ 
meter cubed for different soils 
varH‘s from perhaps 2500 
ohms (bare swampy land) to as 
much as 200,000 ohms (mountainous, hc'avily wooded districts). For sea¬ 
water, it is about 100 ohms. 

A 5000-mcter wave, after traveling over the Atlantic and then over 
some hundreds of miles of land, showed (in Maim*) an average vertical 
tilt of about 2.8®; in ('upar, Scotland, about 1°; and Wroughton, Eng¬ 
land, about 0.6®. As will be explained in the chapter dealing with antenna 
types, it is the forward tilt of the electric field of the advancing wave which 
permits the functioning of the long horizontal antennas used for trans¬ 
atlantic reception. 

In addition to this change in vertical aspect, a wave front may also 
swing around in the horizontal direction, thus apj)earing to come from a 

* “The Wave-front Angle in Radio Telegraphy,” L. W. Auatin, Journal Washington 
Academy of Sciences, March 4, 1921. 



Fig. 22. —When corrected for the earth’.s curv.i- 
ture transmission over the ocean allows a nearly 
constant value for the function, log (intcn.sity 
X distance). 
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direction differing from the true direction of the transmitter. This effect 
seems to be greatest along shore lines; it is also noticed that at time of 
sunset a large change in apparent direction may take place if the wave 
travels approximately parallel to the direction of the sunset zone. Aus¬ 
tin ^ reports some observations in long-wave European stations, observed 
in France. A 23,400-meter wave traveling 510 km. over land showed a 
weekly deviation as much as 20-25°, going even as far as 90° at times. 
The same transmission path, for an 18,900-meter wave, showed a varia¬ 
tion of only 10-15°. Another long-wave station, distant 900 km., showed 
a weekly deviation of from 7° to 15° for a 13,000-meter wave and up to 



Fig. 23.—Showinj^ Iiow signal .stron^th diminishe.s with increasing distance from station; 
the shaded areas an' wooded mountains, and evidently cause much greater attenua¬ 
tion of signal than flat, hare country. The station was 5 kw., sending out a 371- 
metcr wave. 

30° for an 18,000-metor wave. Tests in the United States of long-wave 
European stations show night variations as much as 120° from true direc¬ 
tion and only 2-3° by day. Up to about 20 miles, it seems there is no 
distinct deviation from true bearing, unless there are unusual conditions 
(shore lines, etc.).- 

Pratt reports tests on an aeroplane beacon transmitter (transmitting 

* I.R.E., March, 1928, p. 348. 

* For explanation of this direction change, see pp. 957 et seq. 

»I.R.E., May, 1928, p. 652. 



378 


GENERAL VIEW OF RADIO COMMUNICATION [Ciiap. IV 


290 kc.) showing no serious departures from true bearing (as observed in 
an aeroplane) up to 25 miles. At 50 miles a deviation as great as 25 
degrees from true bearing was found, and he reports the beacon as of no 
value (as a direction finder) at 100 miles. This same beacon tested from 
a ground receiver showed great variations in direction. One receiver 



0 10 20 80 40 60 60 70 bO 90 0 20 40 60 80 100 120 140 IbO IbO 200 220 240 

Miles from station Milos from station 


Fio. 24.—For given signal strengths Fig. 25.—If the station is situated in the 

these curves show powers required, country, with not much wootls or mountains, 

with attenuations similar to those this set of (airves shows the power retjuired 

found in the average city. to give certain signal strengths at specified 

distances. 


location, only 53 miles from the transmitter, showed a swing in direction 
of the wave travel of 62°, in only a few minutes’ time, d'his was in a 
mountainous wooded district. Other points in the same' kind of terri¬ 
tory showed similar results.’ 

Taminura observed4he variation in apparent direction of a long-wavo 



12 14 16 18 20 22 24 2 4 C 8 10 12 14 


Sonnet Sunrise 

Fio. 26.—Variation in apparent direction of a 19.7 kc. 
transmitter, 128 km. distant from the direction-finding 
receiver. 


station,- located 148 
km. distant, in a true 
direction 13° east of 
north. The frequency 
of the station was 19.7 
kc. Bearings were ob¬ 
tained by the loop 
antenna, and he noticed 
that during most of 
the time the zero set¬ 


ting was very broad, indicating either that the wave was coming in 


from several directions or else was rapidly variable in direction. He sup¬ 


poses, as do many others, that the changes in apparent direction are due 


‘ For later data on reliability of radio beacons, see p, 955. 
»LR,E., April, 1930, p. 718. 
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to some kind of interference phenomena between the ground and sky 
waves. In Fig. 26 is shown the measured direction throughout a typical 
day; it varied from the true direc¬ 
tion by 7"8° west deviation to 25® 
east deviation. Variations are 
greater during the night than 
during the day. 

Taminura noticed that except 
at the time of maximum deviation 
the direction finder gave broad 
minima, indicating a variability 
in the direction. I'his correlation 
is shown in Fig. 27, the upper 
curve of which indicates llie devi¬ 
ation from the true direction and 
the lower curve the “ broadness 
of the zero setting of the direction 
finder. 

An interesting case of refrac¬ 
tion is explaiiK'd by help of Fig. 

28. A transmitting station at 
A gave a iK'arly inaudible sig¬ 
nal at C, only a few miles dis¬ 
tant, while at 1) and more re¬ 
mote points in the same direction 
loud signals were observed. A district of high steel buildings at B 
absorbed practically all the radiation of station A going in the direc- 



Fio. 28.—Riidiatiou waves emanafinK from station A are absorbed by region B giving 
at C scarcely any energy. Point I>, in the same direction as p)oint C, has more 
energy than point C, energy flowing into point D from the directions of the rivers. 

tion of C, making an “ energy hole between B and C. Radiation 
going up the two rivers, however, was not absorbed by district R, 



Fig. 27.—Showing correlation between the 
change in apparent direction of a distant 
station, and the broadness of setting of 
the direction-finding loop. 
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and this energy fed in towards point D to fill in this energy hole. Tests 
showed that the energy at D was coming from the directions of the two 
rivers, and not directly from station A. 

Reflection of Waves.—In the chapter on antennas, it will be shown 
that suitable metallic reflectors will serve to send back a radio wave which 
strikes them; the reflector must be of sufficiently large dimensions and of 
the right electrical characteristics to act as a complete reflector. 

The Kennelly-Heaviside layer of ionized atmosphere acts as a very 
efficient reflector, for waves sufficiently short, and it is undoubtedly the 
reflection from this layer which accounts for many of the puzzling facts 
met in connection with long¬ 
distance transmission, fading, 
etc. 

As shown by Figs. 16 and 
17, short-wave radio communi¬ 
cation may be carried on by a 
wave sent directly from the 

Letter V beintf sent from 
Nauen at 150 words/min. 

Wave length “ 18.22 meters 

a 


Signal from Rio reroived at Co'ltow 
X=15.0 metors, showing main signal 
an<l three sufces.sive direct signals. 
fi3 had traveled l.'iO.OOO km. 

Fig. 29. —The ionized layer air, by Fig. 30. —Copie.s of o.scilloKrarns, .showing the 
multiple reflections, or refraction, letter V received direct and after it had trav- 

permits signals to travel from one eled once around the earth; the lower diagram 

point to another, showing both is copied from an oscillogram .showing dis¬ 
ways around the earth. tinctly the transit of a short wave signal three 

times around the earth. 

antenna, called the ground wave^ or by a wave which has gone up in the 
sky and been returned to earth (probably by reflection), called the sky 
wave. The echo tests referred to on p. 371 depend upon the radio pulse 
sent upwards, being returned to the earth by reflection from this ionized 
gas layer. 

A signal originating at A (Fig. 29) may reach B asa weak ground wave 
by traveling over the earth's surface, or it may arrive at B by reflection 
from the ionized layer over path ACB. This latter is called the sky 
wave. Also it is found that the signal may reach B by the longer path, 
going around the earth the longer way, possibly by two or more reflections 
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from the ionized layer as indicated by ADFIIB, Of course, the wave 
traveling this route would arrive at B somewhat later than the one going 
the more direct route; many oscillograph films of received signals do show 
both the direct and indirect signals. 

Still more remarkable effects due to the Kennelly-Heaviside layer have 
been recorded; signals have been received after going around the earth 
three times! These undoubtedly require many reflections to carry them 
on such a path. Quack and M5gel report * that their oscillograph records 
show a direct signal from a nearby station, and another signal which had 
traversed the complete earth's circumference. The upper diagram of 
Fig. 30 shows the letter V (three dots and one dash) received directly and 
then repeated just 0.138 second later. The second diagram is a repro¬ 
duction of one,of their oscillograms of a signal received from Rio de Janeiro 
in Germany; this is shown by the wave train a of the diagram. At ai, 
02 , and a.i are shown with {K*rfect definition three consecutive signals 
which are 0.138 second apart. 

Signal a I had gone around the 
earth once, 02 twice, and 03 had 
gone around the earth three 
times! 

Some European observers 
(Hals, Stormer, and van der 
Pol) report echoes which occur 
many seconds after the signal 
was sent, (■onjectures regard¬ 
ing the explanation of these 
echoes .sometimes assume that 
che waves return to the earth after leaving it completely. Some clouds 
of electrons or similar effect, in the moon's orbit or beyond, serve as a 
reflector to simd the escaped waves back to the earth. 

Effect of Season.—As has Ix'en discussed under the topic of attenuation, 
vegetation exerts a marked influence upon the propagation of radio 
waves over land; the table on p. 375 shows the relatively high absorption 
of waves traversing wooded regions. Austin has reported measurements 
of received signal strength throughout the year,- and the curves of Fig. 31 
are plotted from his results. It is a fact well known to radio listeners that 
the signals from distant stations come in much stronger during the winter 
season than in summer. 

In Fig. 32 are shown the results of signal strength measurements of a 
long-wave European station over a series of years; the full curve gives the 
microvolts per meter received in the United States and the dotted curve 

»I.R.E., May, 1929, p. 791. 

*J.R.E., June, 1915. 



Fig. 31.—Variation of radio transmission oc¬ 
curring with seasonal frequency. 
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1922 1923 1924 I92ii 1926 1927 1928 


Monthly average of Lafayette signal 

Fig. 32.—Seasonal variation in transmi.ssion over a long-wave channel; the full-line 
curve is for several thousiind mile transmi.s.sion and the dashed curve js foj- a re¬ 
ceiving station near the transmitter. 


that received a few miles away. Those curves are plotted witli the aviTtige 
monthly signal strength, so that only the seasonal variation is shown. It is 
seen that the same general type of signal change takes plac(‘ ov(‘r a 

short chanrud as ov(*r a long 
channel, but thtit in this cas(» 
th(‘ duration of the season 
of minimum signal is much 
less for th(‘ short channel. 

Day and Night Variation. 
" Apparently daylight is not 
conducive* to low attenua¬ 
tion; signals always travel 
much farther over the dark 
side of the earth than over 

M. Mid. M. Mid. M. Mid. ii • i i- i 

0 250 480 680 780 765 thc sid(* receiviug sunlight. 

Mile, from New York ^ At Bermuda-> 33 shoWIl thC 

Fig. 33.— Signal strength received by ship on trip received signal strengths on 
from New York to Bermuda; transmitter located voyaginR from New 

close to New York. 

York to llennuda; the 
transmitter was near New York. It is seen that there is a general 
diminution in signal strength, from 10 millivolts per meter when the boat 
was near the transmitter to one hundredth as much when the boat was 700 
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miles distant. During the three days of the test the signals all through the 
night were 100 microvolts pcT meter or more, whereas during the inter¬ 
vening days they were so weak as to be unreadable. This was a 66-meter 
wave channel. 

The same effect is observed over long-wave channels. Fig. 34 shows 
the diurnal signal variation over a 5000-meter transatlantic channel. 
The test lasted for 54 days during the winter; the two dotted curves are 
for the worst and “ best '' days, and the full-line curve shows the 
average signal strength 
during the entire 54 
days. 

Effect of Sun upon 
Radio Transmission.— 

As has already been 
pointed out, sunlight 
has a most important 
effect on radio trans¬ 
mission; it would seem 
likely therefore that 
variations in the sun’s 
activity, as indicatc'd 
by the siz(‘ and number 
of sunspots, might be 
reflected in a corre¬ 
sponding variation in 
th(* functioning of 
radio transmission. 

Such proves to be the 
^ 0 ^ 

‘ * . . . . Fig. 34.—Showing variation in field strength for a trans- 

r Ig. do IS taken rom Atlantic channel. Darkness between transmitter and 

a pajX'r by Anderson * receiver increases tremendously the transmission effi- 

sliowing a distinct cor- ciency. 
relation between the 

numlx'r of sunspots, activity of the earth’s magnetic field, and field 
strength of a 5000-meter signal traversing the Atlantic. It is seen that, 
whereas there is no evident correlation between the individual magnetic 
stonn and the signal strength variations, there is an evident correspondence 
Ixdween number of sunspots and average field strength. The average 
field strength was nearly twice as great during a period of marked 
solar activity as when the sun was quiescent. With short-wave trans¬ 
mission there is a very marked relationship between magnetic storm and 
attenuation of transmission. In Fig. 36 are shown the variations in field 
1 LR.E., Sept., 1929, p. 1528. 



y 12 3 6 9 12 3 6 

A.M. Noon P.M. Midnight A.M. 


Eastern Standard Time 
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strength of two transatlantic channels, one 5000 meters and one 16 
meters, as well as the horizontal component of the carth^s magnetic field, 
all plotted against days before and after a magnetic storm. It can be 

seen that the short¬ 
wave transmission is 
seriously affected by 
the sunspots, whereas 
the 5000 meters show 
no observable effect. 
The horizontal com¬ 
ponent of the earth’s 
field and the short¬ 
wave transmission 
show a linear relation¬ 
ship. 

I n Fig. 37 are sh own 
variations in transmi.s- 
sion of the IG-meter 
channel for five dif¬ 
ferent magnetic storms. From curves such as these one can well imagine 
the complex nature of radio wave transmission through the ionized upper 
atmosphere and varying magnetic fields of the earth. 

Anderson summarizes the 
results of 5 years’ observation: 

1 . The higher daylight 
signal field strength on 60 kc. 
during periods of solar activity 
is associated more with ^neral 
magnetic activity than with 
individual storm. 

2. Individual storms do 
tend to increase 60-kc. day 
signals to some extent. Av¬ 
erage was 30 per cent increase 
on day storm lx?gan, to about 
75 per cent for 4 or 5 days 
following. Effects of individ¬ 
ual storms vary greatly. 

3. Day-to-day signal 
fluctuations on 60 kc. are much greater during periods of magnetic 
activity and are greater in winter than in summer. 

4. Magnetic storm accompanied by great decrease in short-wave field 
strength on day of maximum activity. Even mild magnetic storms may 



Fig. 36.—A long-wave channel seems to be inde- 
{jendent of magnetic storms, l>ut a short-wave 
channel is strongly affected by whatever causes 
the magnetic storm. 



Fia. 35.—A rough correlation is shown between radio 
transmission and solar activity. 
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reduce signals below measurement value. Takes 1 to 8 days to recover, 
depending on storm severity. 

5. Roughly a linear relation holds between millivolts per meter of short¬ 
wave field (in decibels above or below average millivolts per meter) and 
daily average of earth’s horizontal component. 

Temperature. —Pickard ^ reports a series of measurements to test for 
correlation between strength of received signal and temperature. He con¬ 
cludes night reception and temperature are directly related, maximum 
reception accompanying maximum temperature and vice versa.” This is 
the reverse of the relation previously found by Austin for day reception. 
Temperature at receiver 
only was found of impor¬ 
tance. Received signal 
had no correlation with 
transmitter temperature. 

Fading. —In addition 
to the signal strength 
variations so far discussed, 
varying with season, day 
and night, with sunspot 
activity, etc., there is 
another effect which is 
due to an apparently dif¬ 
ferent phenomenon. A 
change in field strength 
takes place from one 
minute to the next, and 
sometimes shows complete 
cycles of waxing and wan¬ 
ing several times a minute, or even second 1 These rapid changes in 
field strength are designated by the term “ fading,” something with 
which every broadcast listener is familiar. 

It seems almost certain today, from the work of many investigators, 
that this type of signal variation is due to interference between waves 
arriving at the receiver over different paths and combining to accentuate, 
or neutralize, one another. Fig. 38 illustrates this idea.; a signal arriving 
at B may come over the direct path or over the path that goes up to the 
reflecting layer and back. These two waves will assist one another if they 
arrive in the same phase and of course will tend to neutralize if they have 
opposite phases. This condition will depend upon the difference in path 
length; if these differ by a whole number of wave lengths, the waves will 



54321U1234567 


Days before Storm Days after 

Fio. 37.—Correlation between transmission on a 16- 
ineter ehannel, and five different magnetic storms. 


I I.R.E., June, 1928, p. 765. 
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assist one another, and if they differ by an odd number of half wave lengths 
they will tend to neutralize one another. 

Suppose point B is 100 miles from A. Then a signal getting to B 
over the sky path would have to travel about 500 miles, assuming that 
the ionized layer is 250 miles high. It is evident then that the sky wave 
will be very weak compared to the direct ray, so that no appreciable 
effect on signal strength will occur no matter what the relative phases may 
be. Thus in this case there would be no appreciable fading due to this 
type of interference. 

However, if the direct ray had to travel through a region of high 
absorption, such as a city with steel buildings, it might well be that the 
direct wave has about the same strength as the sky wave. In this case 
the fading due to interference of th(‘ low waves will \)C a maximum, the 
signal changing from twice normal 
strength to zero. 

In Fig. 39 such a situation is 
shown possible. The transmitting sta- 



Fio. 38.—Signals arriving at B over the ground 
path and the sky path may .seriously interfere 
with each other, esjjecially if the attenuation 
of the ground wave is rather high. 


Fin. 39.—Signals receivoit at B from 
transmitter A, are subject to much 
greater interference etTect.s than are 
those received at C and />. The 
city buildings in the path of the 
grouiul wave may reduce its in¬ 
tensity at B to about the s^ime 
value as that of the sky wave re¬ 
ceived at B. 



tion is shown at .4, on the outskirts of a large city. KectdvtT B receives 
a comparatively weak direct wave bectiuse of tli(‘ high attenuation caused 
by a few miles of steel structure buildings. 1 ho direct and sky waves at 
B may therefore show marked interference; moreover, as the difference 
between paths of the direct and sky waves changes rapidly as the ionizing 
layer moves up and down (see Fig. 19), it is evidtmt that sounds due to first 
one frequency and then another may be comphdely neutralized. Thus a 
peculiar sort of flutter may travel through the audio-frequency scale, 
making the different tones increase and decrease in intensity as the wave 
lengths of the two radio paths change. 'Fhis is the most disagreeable type 
of fading and cannot be helped except by moving the location of either 
A or B. It is to be noticed that receivers C and Z), situated the same 
distance from A as is B^ will experience no fading at all, because the direct 
wave arrives with an amplitude much greater than that of the sky wave 
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It will be appreciated that as the receiver is moved farther from the 
transmitter the distances of the direct path and sky path approach each 
other so that the attenuation over the two paths becomes more nearly 
equal. In this case, we should expect the interference between the two 
waves to be more com¬ 
plete, resulting in more so 

complete extinction of 40 

the signal, and this cor- ^ 
responds to the wx‘11- § 

known fact that stations ^ 0 

500 or more miles distant s 
give signals that wax and | 
wane to a great extent. c 5 ^ 

This general conclusion 1 40 

regarding distance and 
fading IS often contrary 
to the fact, however, be- 0 

cause of special local 

conditions. Pjq 49 —strength measurements, showing fading 

Jansky has reported^ of signals from two stations at different distances, 
on field strength condi¬ 
tions in Minnesota; Fig. 40 shows two curves from his paper. The upper 
one shows conditions 400 miles away from a station and the lower one 
shows corresponding signals for a station only 112 miles away. The 

fading is quite evidently 
much worse for the 
nearer station. 

Packard has reported 
on many cases of fad¬ 
ing, and P'ig. 41 shows 
one of his records. 
Here the fading presents 
quite a marked period¬ 
icity, the signal drop¬ 
ping to nearly zero in- 
Fia. 41.—A typical record showing fading of the received tensity about once in 
signal in broadcast reception. 5 minutes. Many cases 

of fading are reported 

in which the fretpiency of the waxing and waning was so rapid that the 
recording instrument could not follow it. 

Friis has carried out some very ingenious experiments to determine the 
reason for fading in short-wave channels. He investigated the propagation 

»i.R.E., Oct., 1928. p. 1365. 
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of both the vertical and horizontal components of the electric field, 
using the cathode ray oscillograph to show rapid phase changes. His 
results indicated that the plane of polarization of the horizontal compo¬ 
nent of the electric field shifted as much as 30^, in a transatlantic 16-meter 
channel.^ With the sunset line between receiver and transmitter the 
angle of polarization was especially variable. 

Parkinson ^ also ascribes fading to change in the angle of polarization 
of the interfering waves. Potter ^ gives an exhaustive report on the prop¬ 
agation of 13 and 18 me. across the Atlantic, using many oscillograph 
records to explain the fading of signals on these channels. 

Static, Strays, or X’s.—In addition to the often experienced interfer¬ 
ence which may be produced by the operation of other transmitting 
stations natural electrical disturbances occurring in the atmosphere also 
cause serious interference in the reception of signals. These disturbances 
set up electromagnetic waves, which, upon striking the receiving antennas, 
set up troublesome, interfering sounds in the phones, to which the names 
static, strays, or X’s have variously applied. These strays have been 
arbitrarily placed by De Groot * in the following classes: 

(а) Loud and sudden clicks. These do not interfere seriously 

when no other interference effects are present, and have been 
shown to originate in nearl)y or distant lightning discharges. 

(б) A constant hissing noise in the receivers, giving the impression 

of a softly falling rain, or the noise of water running through 
tubes. This type occurs occasionally when there are dark, 
low-lying electrically charged clouds near the antennas, and 
is apparently cau.sed by intermittent, unidirectional currents 
in the antennas. Charges of electricity conu' upon the anten¬ 
nas from the atmosphere through direct physical contact, and 
thence discharge to ground, producing ii current. 

(c) This type produces a continuous rattling noise in the telephone, 
something like the tumbling down of a brick wall, and is 
usually present to a greater or less extent. In the tropics, 
where interference from static is especially severe, this type 
predominates, and is always present. It is frequently so 
severe as to prevent entirely the reception of signals. 

Strays are most prominent at night, but are not so troublesome at 
that time, due to the great increase of signal strength. Their inten¬ 
sity and character is a function of the time of day, the season of the 

11.R.E., May, 1928, p. 658. 

* I.R.E., June, 1929, p. 1042. 

n.R.E., April, 1930, p. 681. 

< '*On the Nature and Elimination of Strays,” Proc. I.R.E., April, 1917. 
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year, and the location of the station; thus, in the tropics, De Groot 
found the most unfavorable time to be that of the trade wind. In 
general, the worst trouble is experienced when the sun^s altitude is highest. 
Their intensity is probably dependent somewhat on the dryness of the 
air and wind conditions, increasing dryness and high wind velocities 
increasing interference due to this cause. 

Measurements ^ in the southeastern part of England showed that 
March was the month of least disturbance, June having the most, with 
twice the number of disturbances of March. Also, the apparent direction 
of arrival of the static disturbance (type (c)) showed simple diurnal and 
seasonal variations, following a general law of counter-clockwise swing in 
direction accompanying increase in solar altitude. 

An investigation ^ of the British Meteorological Office appears to 
establish conclusively that areas in which rain is falling are a definite 
source of atmospheric disturbance, particularly the advancing edge of such 
areas. Austin concludes that static disturbances generally come from 
inland, rather than from the sea. By analogy from signal characteristics, 
he reasons that static which increases with wave length comes from 
a great distance, while static which varies little with wave length 
originates at points less remote. Austin’s measurements show that as 
the wave length for which the receiver is tuned is increased, the static 
audibility increases; the increase being rouglily proportional to the wave 
length."^ 

Potter reports the results of many measurements of static on short¬ 
wave channels (15 to 60 meters) and show’s the strength of this disturb¬ 
ance to be much less than on the longer wave channels. He comes to 
the conclusion that the intensity of the atmospheric disturbances varies 
inversely wdth the frequency, for frequencies not too close to the lower end 
of the radio spectrum. 

By means of continuous records’’ of static disturbances, extending 
over long periods of time, ii better knowledge of the directional and intensity 

* “Directional 01)serviition8 of Atmospherics,” R. A. W. Watt, Royal Society 
Proceedings, Jan. 1, 1923. 

* “The Origin of Atmospherics,” R. A. W. Watt, Nature, Nov., 1922. 

* “Determination of the Direction of Atmospheric Disturbances, or Static, in Radio,’' 
L. W. Austin, Journal Franklin Institute, May, 1921. 

^“The Relation hetw('en .Atmospheric Disturbances and Wave Length in Radio 
Reception,” L. W. .Austin, I.R.E., Feb., 1921. 

n.R.K. Oct., 1931, p. 1731. 

* An automatic static recorder consists of a loop antenna connected to a radio- 
fr(?quency amplifier, the output of the latter supplying a sensitive thermocouple and 
galvanometer. The deflections of the galvanometer needle are reconled on a moving 
chart; the arrangement is calibrateil by observing the galvanometer deflection when a 
signal of known strength is imi>i:essed on the antenna; this may be done automatically 
and at definite intervals. 
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variations experienced will undoubtedly be obtained. Such a survey is in 
progress and has already indicated that: 

(а) Static is a minimum in the early morning hours, reaching a 

minimum shortly after sunrise. This change occurs regularly 
and is independent of the weather; it is a maximum with 
the receiving loop placed in the east and west direction, duo 
probably to the “ shadow line ” effect discussed under the 
daily variation of signal strength. (Page 345.) 

(б) Most of the static received on the Eastern Coast of the United 

States originates in the Southwest. 


Austin has made many measurements of static on long-wave channels 

(reported in many volumes of the 



Fio. 42,—Curve showing? variation in inten¬ 
sity of static (atmospheric disturbance) 
througihout the year; measurements made 
or a 15 kc. channel. 


Proc. l.R.Iv) and from them it is 
evident that the worst atmospheric 
disturbance occurs in the hot sum¬ 
mer months. One set of his results 
is given in Fig. 42; this shows 
that the seasonal variation in 
static rejx'ats itself from year to 
year. The nu'usurements of Fig. 
42 were taken on a 2(),00()-meter 
cliannel (15 kc.). 

Measun*meiils at South- 

gate, Enghind (by enginetTs of tlu‘ 
American Telephone and Tele¬ 
graph Co.), show(‘d static to 
more severe on th(‘ lower-fr(‘- 
(juency channels, as shown in Fig. 
9, p. 364. They found also that 
signals transmitted across the 
Atlantic on different frequencies 
came through with different ab¬ 
sorption giving the field strength 
on the curve sheet, 'fhis was for a fixed power 
The ratio of signal to noise (static) is greatest for 


marked signal 
at the transmitter, 
a frequency of 45 kc., so if this channel were available it would Ix) the Ix^st 
one to use. 

The fact that static has greater intensity on the lower-frequency chan¬ 
nels and the fact that it is apparently non-p(*riodic lead one to believe it is 
merely pulses, having a pulse length greater than oiu^-half the ptTiod of 
15 kc. because the noise was strongest at this frequency. This would 
make the pulses somewhat longer than 0.0001 second. 
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Using a cathode ray oscillograph, and a simple circuit layout which 
should permit the oscillograph to trace the pulse shapes, Cairns ^ reports 
on the form of static occurring in Australia. In Fig. 43 are shown a few of 
the conventionalized pulse forms he observed. Opposite each form is given 
the percentage of pulses falling in that class, the total pulses observed being 
over 1000. The right-hand figure, triangular in form, generally showed 
noticeable serrations on its sides. This condition occurred for practically 
all the other pulses also; the frequency of these ripples was about 10’’ cycles 
per second, and their amplitude about 8 millivolts per meter. This ripple 
was present to some extent on all the pulses whenever the radio receiver 
gave the continuous ^‘roar^’ of summer static. Cairns estimated that the 
most prevalent type of pulse was a 3 half cycle one (a of Fig. 43), having a 
total duration of 0.003 second and a maximum field intensity of 0.14 volt 
per meter. 

Most of the pulses showed that polarity which indicates that electrons 
were accumulating on 
the antenna. 

Yokoyama and 
Nakai have reported - 
that in Japan most of 
the “grinders,’’ as 
they call the continuous 
roar, originate in the 
tropics; as heard on a 
10 ,000-meter channel, 
their direction was 
reasonably constiint 
during the daytime, 
but during the night their direction was indefinite. They seemed to 
come from an entirely different direction, generally the local mountainous 
country where electric storms were prevalent. 

Of course, static pulses and roars interfere seriously with the reliability 
of radio communication. Various attempts have been made to eliminate 
static, but it is still with us. Non-tx'riodic pulses are difficult signals to 
weed out. Progress in the problem of obtaining a high ratio of signal to 
static has been made principally by the Uvse of directive receiving antennas, 
and selection of a receiver site where static is reasonably low. Of course, 
in the case of broadcast listeners, neither of these expedients is feasible; 
here the problem is solved only by increasing signal strength, that is, using 
more power at the transmitter. 

»I.R.E., Deo., 1927, p. 985. 

2 i.R.E., Feb., 1929, p. 337. 



Fkj. 43. -Typical shapes of “static,” as reproduced from 
oscillograph lecords; scales of tune and field strength 
given. 
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Directional Radio. —Radio being a type of electromagnetic wave, it 
should follow the same laws as do ordinary light waves, and it does. Now 
it is possible to reflect a light wave, or send it in a narrow beam in any 
desired direction. Suitably formed mirrors will accomplish both these 
tasks. However, a mirror, to perform its task, must have a sufficiently 
smooth surface, and must have dimensions (length and breadth) measured 
in hundreds of wave lengths of the beam it is desired to reflect. This is 
simple in the case of light because of the shortness of the light wave, but 
when a wave is, say, 100 meters long, it is not feasible to build a mirror 
which is plane and, say, 10 wave lengths in dimension. The directing of 
radio beams therefore, even if possible, will not be as definite a phenomenon 
as is the reflection of light. 

Hertz, the father of radio, using very short waves in his laboratory, 
actually did reflect waves and also focused them with a big convex lens, but 



Fio. 44.—A short wave transmitting an¬ 
tenna, with a series of reflectors arranged 
behind it on a parabolic curve. 



Fig. 45.—The radiation distribution from 
such an antenna as shown in Fig. 44. 


it is not easy to duplicate his laboratory results on a large scale. Marconi 
did a lot of early work in directive transmitting systems, copying exactly 
the laboratory apparatus of Hertz, of course on a larger scale. He in¬ 
stalled directive tramsmitters for the British government for communica¬ 
tion with fixed receivers in various countries of the commonwealth, Canada, 
Australia, and South Africa. A conventional sketch of one is given in 
Fig. 44; steel towers support a steel cable mdwork from which are hung a 
series of vertical tuned antennas, these being held on a parabolic alignment. 
The vertical transmitting antenna is held at the focus of this parabolic 
collection of reflecting antennas, and the emitted radiation is reasonably 
well focused, as shown by Fig. 45; this represents the electric field strength 
around the transmitter, as a polar diagram. Most of the radiated energy is 
included in an angle of about 60*^. 
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More complicated directive transmitting antenna will be shown and 
discussed in Chapter IX. These directive antennas are only useful for 
short-wave transmission, because of the great size otherwise required. 

The receiving antenna may be made directive by using a loop for 
receiver. (See p. 885.) This type of antenna receives maximum energy 
from a transmitter when the plane of the loop passes through the trans¬ 
mitter and practically none when it is placed at right angles to this position. 

A long horizontal wire, perhaps 15 ft. above ground, serves on many 
radio channels as a directive receiving antenna. It may be made several 
wave lengths long, some of those used on transoceanic telegraphic channels 
being several miles in length. In more complicated receivers, several of 
these directive antennas arc combined to feed the received signal energy 
into a common receiving circuit. A more detailed description of this 
system is given in Chapter IX, p. 960. 

Transmitting Apparatus.—From what has gone before, it is evident 
that the transmitting station must have essentially three things: a gen¬ 
erator for producing high-frequency power; a scheme for controlling the 
amount of this energy in accordance with the signal it is desired to send, 
dot-and-dash code, voice waves, music, etc.; and a radiating system which 
will efficiently throw off into spac(‘ a large share of the generator's output. 

The generator for telegraph code messages of a few years ago was a 
500-cycle alternator which periodically charged a bank of Leyden jars, 
with suitable switching arrangement (a so-called quenched spark gap) for 
letting them discharge into a high-frequency oscillating circuit. This 
oscillating circuit was magnetically coupled to the radiating system (the 
antenna), and so there was sent off from the antenna a damped group of 
waves for every discharge of the* I^e^ydeui jars. The jars were arranged 
to charge from the alternator, and discharge into the oscillating circuit, 
about 1000 times a second. The radiated wave had the form sho^\n in 
Fig. 10, p. 365. At present, this scheme is used only in the poorer sets 
of the merchant marine. 

For continuous-wave transmission on long waves, an induction type of 
generator, or an oscillating arc, is frequently used, but both of these methods 
are being superseded by an oscillating vacuum tube, the functioning of 
which will be taken up in Chapter VI. For frequencies above about 100 kc. 
the vacuum tube is the only available source of high-frequency power. 

To send code messages, a key must be provided which starts and stops 
the flow of high-frequency current in the antenna. For small transmitters 
the key may accomplish this directly, but for powers measured in kilowatts 
the hand key controls large ones operated electromagnetically, which start 
and stop the antenna power. 

For a voice-modulated signal, an amplifier is required which, after the 
voice power (of about 10 watt) is changed into electric current, will raise 
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its energy level about 100 million times and then use this magnified voice 
power to control the flow of high-frequency power into the antenna. 

Signal Distributioa around a Station.—The antenna of the transmitting 


station shakes off energy in all direc¬ 
tions, and this travels away from the 
antenna with nearly the velocity of 
light. The electric field of the wave 



Fig. 4().—to illustnito tho iiit'aii- 
ing of “volts per meter.’' 



Fig. 17.^—I i('l<Uiis( ril)ntion around a 1 kw. 
station uith wooded country in the 
southwest direction. 


is nearly vertical (from a vertical antenna) as indicated in Fig. 4, p. 359. 
The strength of an (dectric fitdd is nnai.sured in volts (or fractions thereof) 
per rneter. Suppose we hav(' in Fig. 40 two large*, fiat, mt'tal plates, con¬ 
nected to a battery. The plates will lx* chargt'd like the two plates of a 

cond(*nser, and there will be an 
ehadric fic'ld l)etween them as 
indicated in the diagram. If 
tlie plates are 1 meter apart, 
and the* battery has an e.ni.f. 
of 10 volts, tliis eh'ctric field 
will have a .strength of 10 volts 
per meter. If the battery is 
cut down to 1 volt, the field 
strength will bo 1 volt per 
m(‘t(‘r, etc. The electric fields 
associated with radiated waves 
are nu'a.sured in volts per meter 
very clo.se to the antenna, in 
millivolts per meter for distances 
iq) to [K‘rhaps 100 miles, and 
beyond this distance in micro¬ 
volts per meter. 

The signal strength does not decrea.se, with increasing distance, to the 
same degree in all directions. Two typical distributions from 1-kw. sta¬ 
tions are shown in Figs. 47 and 48. Fig. 47 shows the field distribution 
around a station having a country of high absorption in the southwest 
irin The radiated wave falls off to only 5 mv. per meter at a distance 



Fiq. 48.—Another I kw'. Htation loeated on a 
lake shore; the low fliit cf)untry along the 
water's edge gives comparatively h>w at temf- 
atioo. 
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of only 5 miles from the antenna, whereas in the northwest direction 
the signal travels about 12 miles before it has fallen to 5 mv. per meter. 
In Fig. 48 is shown the distribution around a 1-kw. station located on a 
lake shore. In this case, the weakening of the signal in the southwest 
direction takes place slowly, the country being flat, damp, and of low 
absorption. Along this shore the signal can travel 18 miles before it has 
dropped to 5 mv. per meter. In the northwest direction the country is 
wooded and so absorbs the signal more rapidly. In both Figs. 47 and 48 
are marked the average distances to which the signal travels before it falls 
to 30 mv. per meter, 10 mv. per meter, and 5 mv. per meter respectively. 

In Fig. 49 are plotted two curves showing the average distribution of 
signal intensity around the same transmitter set up in two different loca¬ 
tions within about 25 miles of each other. It is quite evident that loca¬ 
tion B is several times as valuable 
a site as A (attenuation only being 
considered); the attenuation with 
increasing distance from the sta¬ 
tion is more than twice as gr(*at 
in one location as in the other. 

Before selecting a sit(‘ for a trans¬ 
mitter it will quite evidently pay 
to set up a temporary transmitter 
and measure the attenuations at 
the various possible locations; that 
one giving a high field strength to 
the greatest number of listeners is 
the most valuable. 

Edwards and Brown report the distriliution around five typical broad- 
ca.sting stations,‘ giving the data on the transmitter and the average dis¬ 
tance at which they found signals of different strengths. Some of their 
results are tabulated in the following table, all stations having been pro¬ 
rated as lOOO-watt stations. 



Fig. 4 9. —At ten nation of field strength from 
the same transmitter, tested at two dif¬ 
ferent locations within 25 miles of each 
other; one location gives much greater 
attenuation than the other. 
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In Fig. 60 is shown the signal distribution around a 5-kw. station in 
Minnesota. The 100-microvolt per meter and 60-microvolt per meter 

lines only are given. Here, it will be seen, 
there are two directions, south and west, in 
which the signal travels with much lower 
attenuation than in the other directions. 
Fig. 23 gives an interesting signal strength 
map, and the frontispiece itself shows the 
signal distribution from a station located in 
the lower part of New York City. 

Effect of Shore Line on Wave Propaga¬ 
tion.—When using short waves (and possibly 
longer ones) there is apparently a great at¬ 
tenuation caused by the first mile or so of 
land between transmitter and receiver. 
Fig. 50.—Signal distribution whether the signal is leaving the land to go 
around a 5 kw. station in over water or vice versa. 



flat country; the two field 
strength lines are for 100 mi¬ 
crovolts {)er meter and 50 
microvolts i)er meter. 


In Fig. 61 is shown the strength of signal 
at a distant receiving set located on the ocean 
front, as the tran.‘^mitter was moved away 
from the shore line inland. The transmitter 


was in New Jersey and the receiver on the south shore of Long Island. It 


is seen that if the signal has to travel over only one mile of land the field 


strength at the receiver drops to about one-quarter the value it has when 


the transmitter is on 
the ocean front. In 
other words, the signal, 
should be arranged' 
to start from one 
ocean front and end 
at another; no land 
should intervene Ix?- 
tween transmitter and 
receiver. 



The phenomenon 


Miles of land in sig^nal path 


is evidently one of 
refraction, the shore 
line acting towards 
the radio wave as the 


Fig. 51.—Short wave.s attenuate greatly (at ground level) 
in crossing a shore line; if the receiving station is located 
one mile inland-the signal strength is only one quarter as 
much as it is at the shore line. 


edge of an opaque body acts toward a ray of light. If the receiver is 
moved up (in elevation) as it is moved inland, the rapid drop in signal 
strength does not occur; the same is true of the transmitter if this is 
elevated according to the distance inland. 
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Heising' has investigated this effect, and as a result of his analysis 
recommends that as the receiver, or transmitter, is moved inland its eleva¬ 
tion be increased in accordance with the curves of Fig. 52. A 30-meter 
station, if 1000 ft. inland, should have an elevation of 270 ft. 

Ship to Shore Radio Telephone. —It is now possible to talk with any of 
the larger steamships in the America-England service; a short-wave trans¬ 
mitter at Ocean Gate, N. J., can be connected with any subscriber in the 
United States. About 50 kw. of power can be put in any one of four chan¬ 
nels (17,120, 12,840, 8560, or 4752.5 kc.), and the ship sends back to the 
receiving station at Forked River in the most suitable one of four other 
frequencies: 17,640, 13,210, 8830, or 4177.5 kc. 

Two of the transmitting antennas are of the diamond form (p. 959) 
called Bruce antennas, and the other two are of the sawtooth type (p. 958). 
These antennas are not 
as directive as the arrays 

1000 

used for transatlantic 

900 

telephone channels (p. 

846) because the ships 
with which it is desired I 

to communicate may be ^ ^ 


anywhere in quite a wide m ^ 

zone. An antenna with ® ^ 

highly directive radial ion soo 

might miss the ship 200 

altogether. 100 


Communication with 
Aeroplanes. —As ex¬ 
plained under the section — As the receiving? station is moved inland, 

in radio beacons, p. 966, its height should be increased as shown here, 

our aeroplanes are con¬ 
tinually guided in their course by signals from suitable ground stations, on 
reasonably long-wave channels, about 1000 meters. Attempts have been 
made, especially in Germany, to keep in telephone communication with 
tlic moving planes by t he use of very short waves. Esau and Hahnemann,^ 
using waves 3 to 4 meters long, came to the conclusion that if the plane 
could l)e seen from the transmitting station, radio communication on this 
short-wave channel was reasonably sure. They experienced no fading 
or atmospheric disturbances on this short-wave channel. 

Neither the transmitter nor receiver should be close to the ground. As 
an example, with the receiver on the ground, in a certain instance they got 
no signal whatever, but by elevating the receiver 10 or 15 meters communi- 

I LR.E., Jan., 1932, p. 77. 

* I.R.E., March, 1930, p. 471. 



1 2 3 4 5 6 7 8 9 10 11 12 13 

Distiince inland, in thousand feet 
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cation was perfectly satisfactory. A long range depends upon both receiver 
and transmitter being at high elevation. These short-wave beams evi¬ 
dently do not bend around the earth to any appreciable extent; when earth 
intervened between low receiver and transmitter no signal at all was 
received no matter how much power was used; but if one or both stations 
were sufficiently raised satisfactory signals were received with only a frac¬ 
tion of the power used before. 

Using a transmitter of 70 watts output, on a high mountain peak near 
Jena, radio phone communication was held with a plane flying the course 
shown in Fig. 53. Communication was not established until the plane 
had passed the point in its route closest to Jena, but was th(‘n maintained 

over the shaded part of the route. When the 
plane was flying south, at 1000 meters elevation, 
tlie signal was held for a longer distance than 
when it was flying north at 350 meters. 

The fact that communication was not 
established until the i)lane had i)assed the 
transmitter was probably due to the fact that 
the metal frame of the plane effectively shielded 
the radio receiver from waves coming from the 
front. 

Transmitters on the aeroplanes are necessarily 
limited in pow(‘r output because of weight con¬ 
siderations. They vary from about 20 watts to 
100 watts or over, and nearly always supply 
their output to a trailing wire antenna (see p. 
898). A small transmitt(*r is d(*scribed by Bock,^ 
and somewhat largcT on(\s by Cross,- together 
with Furopcain practice in aviation radio. 

Receiving Apparatus.- For fixed channel 
communication (point to point), with skilled 
engineers in charge of the rec(‘iving apparatus, 
very complicated receiving arrangements may be used. Complicated 
antenna systems, all very carefully adjust(‘d and maintained, are used to 
obtain the high(*st possible ratio of de.sired signal to nois(‘, and to discard all 
signals from any but the one station with which communication is desired. 

For ordinary broadcast r(*ception, the ant(*nna is a short piece of wire 
perhaps 50 ft. long and 25 ft. high, feeding into a compact receiving set 
with generally only two control dials, one to s(‘lect the d(‘sired station and 
the other to regulate the strength of the loud speaker response. Such a 
receiver generally has a rectifying tube and circuit arrangement for g3tting 
continuous current power for the receiver circuit; this is called the “ power 
»I.R.E. Sept., 1931, p. 1569. *I.R.E. March, 1931, p. 341. 



Fig. 53.—U.sing a 70-watt 
transmitter, with waves a 
few meter.s (Wini- 

muniration with an aenn 
plane W'a.s had at the 
distances showm here. 
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pack.” Then there are from two to five low-power vacuum tubes with 
associated tunable circuits feeding one into the other, called the radio¬ 
frequency amplifier. It is this part of the receiver that enables the user to 
separate one station from another. 

The radio-frequency amplifier feeds into the detector tube (sometimes 
called the demodulator), and this feeds into the audio-frequency amplifier. 
The detector tube changes the modulated high-frequency current into an 
audio-frequency current, the shape of the audio-frequency current being 
the same as the form of modulation of the radio-frequency current supplied 
to the detector. 

The audio-frequency amplifier consists generally of two vacuum tubes 
and associat(‘d transformers; the second tube, called the output tube, is of 
considerably greater capacity than the other tubes of the set. It supplies 
to the loud speaker generally about 50 milliwatts of power, but at times 
(for low organ notes, for example) its output may reach several watts. 

The volume control is ordinarily a scheme for varying the bias voltage 
on the grid of one or more of the tubes used in the radio-frequency ampli¬ 
fier. Occasionally a 'Tocal-distance ” switch is fitted into a set; by it a 
resistance may be introduced into one of the tuned circuits of the radio¬ 
frequency amplifier. This is done when listening to a local station; by its 
use the volume is greatly cut down and the fidelity of reproduction some¬ 
what improv(‘d. 

A receiving set should be selective, as well as sensitive, and should 
reproduce faithfully the signal it receives from the antenna. These various 
features of a receivcT, and the method of obtaining them, will be taken up in 
C’hapter VIIl, dealing witli radio telephony, and Chapter X, dealing with 
amplifiers. 

Amounts of Power Used. —The size of the large long-wave telegraph 
station used for transoceanic communication can well be appreciated from 
the values given in the accompanying table. The antenna heights are 



Fre'iucruy, 
Kilocycles 

Wave I.enfrth, 
Kilometers 

Antenna 
Current, In 

Effective 
Height, h 

LY Bordeaux. 

15 9 

IS 9 

535 .-imp. 

ISO meters 

FK St. Assise, Paris. 

15 0 

20 0 

475 

ISO 

IT 8t. Assise, Paris. 

20 S 

14 4 

344 

180 

AGW Nauen, Berlin 

10 5 

18.1 

414 

170 

AGS Nauen, Berlin. 

23.4 

12.8 

389 

130 

GBR RuKby. 

10 1 

18.0 

685 

185 

GBL Wfield. 

24.4 

12 3 

210 

75 

MAK Cayey. 

33 8 

8.87 

104 

120 

KET Bolinas, San Praneiseo 

22.9 

13.1 

600 

61 

NPL San Diego . 

30 0 

10.0 

89 

120 
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from 50 to 180 meters (effective). The actual antenna height may be 30 
per cent greater than this. The currents used in the antenna are from 100 
to 700 amperes—representing antenna power measured in the hundreds of 
kilowatts. 

A radio telephone channel for spanning the Atlantic uses about 50 kw. 
of power with a frequency of 60 kc. and considerably less on the short-wave 
channels; here of course directive transmitting and receiving antennas are 
used. 

The larger broadcasting stations use an antenna power of 50 kw., and 
the ordinary ones about 5 kw. of power. 

The power picked up by the receiver antenna is extremely small. A 
small antenna might have an effective height of 5 meters and an effective 
resistance of perhaps 30 ohms. This antenna with a sensitive receiver 
would give a good output with a received signal strength of 5 microvolts 
per meter. 

Now a 5-meter antenna on a 5-microvolt-pcr-meter signal picks up 
25 microvolts, and this, acting on an antenna of 30 ohms, gives a current 
of 0.8 microampere, which represents a power of (0.8X10*®)- X 30 = 
19.2 X 10~^2 watt, that is, about 20 micro-microwatts. 

If the signal field strength is 10 millivolts i>er meter (30 to 40 miles from 
a 5-kw. station) the energy picked up will be about 3 microwatts. 

If we take the average of these two figures, we reach the conclusion that 
the average broadcast receiver abstracts from the advancing wave about 
one-hundredth of 1 microwatt. That is, if 10 million receivers (all there 
are in the United States, probably) are being used simultaneously, they 
receive a total of one-tenth of 1 watt of power. The sum total of power 
of the transmitters supplying the signals for these receivers would be in 
the neighborhood of 1000 kw. 

These figures show the gross inefficiency of this scheme of transmitting 
power by radio. Only the minutest fraction of the power sent out is ever 
picked up. 

Very Short Waves.—The curves of both Figs. 15 and 17 indicate 
that waves of less than 10-meter length are o^ questionable utility in com¬ 
mercial long-distance communication; such waves arc, however, being 
used today by amateurs, and it will probably be found that under certain 
conditions they are very valuable. As the wave length decreases, the pos¬ 
sibility of directive transmission and reception increases, static disturbance 
diminishes, and the number of channels available increases. 

During the last few years, S. Uda has reported a scries of very ingenious 
experiments on short-wave transmission.^ He worked with waves varying 
in length from 4.4 meters to about 0.5 meter, showing how they can be 

* His report!} are abstracted in the English supplementary issues of the Journal of the 
Institute of Electrical Engineers of Japan. 
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directed, distances covered, etc. With a few watts of 4.4-meter wave he 
was able to establish communication up to 60 km., provided the transmitter 
and receiver were on hilltops. He found that the earth, or even the ocean, 



Fia. 54.—Range of ground wave as frequency is varied. 


produced very high attenuation on these short waves, so that the wave 
close to the earth was useful over very short distances. 

Okabi reports ^ that he has been able to establish telegraph conununi- 
cation up to 30 km, and telephone up to 10 km. with very small power on a 
45-cm. wave. 

A fine paper on the use of 
short waves (5 to 10 meters) 
is given by Beverage, Petersen 
and HanselP in which they 
summarize the experimental 
results available to date. In 
the curve of Fig. 54 they give 
their conclusion from much 
experimental data obtained by 
themselves and others. Using 
elevated positions for trans¬ 
mitter and receiver, with 2 to 4 
kw. in the transmitting an¬ 
tenna, they found a useful 
range somewhat more than 100 
miles, the best frequency being 
about 35 me. 

These short waves apparently do not bend around the earth's surface, 
neither do they reflect from the Heaviside layer; increasing the power at 
the transmitter does not appreciably increase the range after this reaches 
' J.R.E., June, 1930, p. 1028. 

* I.R.E., Aug., 1931, p. 1913. 



Fig. 55. —Possible distance of reliable communi¬ 
cation with 40-megacycle radiation, both trans¬ 
mitter and receiver must be raised as the 
distance of transmission is increased. 
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about 100 miles. The only way the range can be increased is by elevating 
the position of both transmitter and receiver. In Fig. 55 are shown the 
conclusions they reached as a result of tests between the high mountain 
peaks of the Hawaiian Islands. A good signal can be received up to the 
distance shown by the full-line curve, and it seems that by the use of direc¬ 
tive antennas the commercially useful range can be increased to that 
shown by the dashed line. 

Karplus ^ has analyzed the various types of receivers available for 
short wave detection. Of course the ordinary radio receiver is of no use 
in detecting these very short waves. 

Transmission with Ultra Radio Frequencies. —It is also of interest to 
note that signals may be, and have been, transmitted by th(‘ invisible 
radiations from a hot body.- The wave lengths of these radiations arc 
beyond the visible range of light waves, i.e., great(T and are known as 
infra-red radiation; their frequency is OXlO'^ to 4X10’^ kc. The trans¬ 
mitter consists of an arc projector or similar (levic(% while the receiver con¬ 
sists of a sensitive thennopile located at the focus of a parabolic mirror. 
The thermopile is connected to an amplifier and interrupting d(‘vice, the 
latter being required to obtain audibility. It is statc'd that communication 
has been established over distances of mor(‘ than 20 km. by this system. 

It is interesting to note that workers in th(‘ fi(‘l(ls of light and those in 
the field of radio waves are gradually bringing together the range of fre¬ 
quencies in their respective fields. Nichols and T(‘ar have extended the 
field of damped electric wavTsto tho.se only 0.22 mm. long; this is a fre¬ 
quency of about 10^ me. The same experiments have succee<l(‘d in isolatr 
ing and measuring heat waves as long as 0.42 mm., thus bridging the 
gap between the radio and light spectrums. 

* Communication with qiia.si optical waves—I.R.E. Oct., 1931, p., 1715. 

* ‘^Riulio Teic.crraphy by Infra-red Radiation,'’ J. Jerhert-Stevens jind .\. LariKaldi, 
Comptes Rendu.s, 169, July 21, 1919. See also Karplu.s, “Communication with Qua«i- 
optical Waves,” I.R.E., Oct., 1931, p. 1715. 
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SPARK TELEGRAPHY 

Spark Transmission and Equipment. —The transmission of intelli¬ 
gence by means of electromagnetic and electrostatic energy radiation from 
an open oscillator, produced by the high-frequency oscillatory discharge 
of a condenser in an associated circuit, is called spark telegraphy. 

In the diagram of connections (Fig. 1) and description of the trans¬ 
mitter, a certain conventional and more or less standard arrangement 
of equipment has been assumed. Commercial transmitters may differ 
from this arrangement in several details, for instance, in the method 
of energy supply, form of spark gap used, and the kind of coupling employed 
between the closed and open (radiating) oscillatory circuits. 



Fig. 1. Circuit dia^rain uf the ordinary spark transmitter. 


An examination of the set shows it to consist of three main circuits: 
(1) a low-voltage, low-frequency circuit which includes the alternator 
(A), the key (A’), the low-tension winding of the step-up power trans¬ 
former (P), and a variable reactance (1 .A.), which is also called a reac¬ 
tance regulator or choke coil; (2) a high-voltage, high- and low-frequency 
circuit, including the high-tension winding of the step-up power trans¬ 
former (*S), the capacity (Ci), the inductances (Li) and (L'l) and the 
radio-frequency choke coils (//), the spark gap (i being shunted across 
the circuit as shown in the diagram; that part of this circuit comprising 
Li, L'l, Cl, and the gap, in series is called the closed osciUatiog circuit; 
(3) a third circuit, known as the open {radiaiitig) oscillatory circuity of 
high frequency only, containing the following equipment: Inductance L-j, 
coupled inductively with Li, and forming with Li the oscillation tran^- 
fanner; a tuning inductance La, the antenna or aerial (represented in 
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the diagram by a fictitious lumped capacity C 2 ), the hot-wire ammeter 
Aiy and the short-wave condenser C 3 equipped with short-circuiting switch. 

Protective Equipment. —In addition to the above apparatus, the set 
is equipped with certain protective devices. High resistances, or con¬ 
densers, are connected across the field and armature terminals of the 
alternator and its driving motor, to prevent the flow of high-frequency 
currents in these highly inductive circuits. These high-frequency cur¬ 
rents may be caused to flow by direct inductive effects from the closed 
and open oscillating circuits, particularly if the space is restricted, as 
on shipboard, and the several circuits are close together. High-frequency 
current flowing or tending to flow through a high inductance means a 
high-potential drop across the winding, this potential usually being con¬ 
centrated piled up at the end turns of the winding. This potential 
may be sufficient to puncture the winding insulation, and to prevent this 
the coil is shunted by resistance or capacity, through which the high- 
frequency current can easily flow, without any abnormal potentials being 
produced. Also this resistance or capacity usually has its neutral point 
connected to ground, to prevent excessive potential stresses with respect 
to ground. The connection of a protective resistance {R') and condenser 
(C') is indicated in the diagram (Fig. 1). 

Since the breakdown of the gap virtually short-circuits the high tension 
side of the step-up transfonner, some means must lx? introduced to pre¬ 
vent the abnormal current flow which would otherwise occur under this 
condition. If this is not done, the transfonruT and alternator may be 
damaged, and the arc across the gap Ix'come a sustained condition, pre¬ 
venting the recharging of the capacity Ci, with resultant decrease of the 
high-frequency energy. Three means may Ix^ used, all three involving 
the insertion of reactance in the low^-voltage supply circuit: (a) High 
reactance (high impedance) in the alternator; {b) an iron-cored induc¬ 
tance in the supply leads to the transformer; (r) high leakage reactance 
in the step-up transformer. 

The action of this added reactance is to rapidly decrease the secondary 
terminal voltage as the curnmt flow increases, when the gap breaks down. 
In addition to the alx)ve, a more or leas resonant adjustment of the cir¬ 
cuit constants may be used to secure an equivalent result. The action 
of this arrangement is discussed in detail on pp. 409 et seq. 

To prevent any appreciable high-frequency current from flowing 
through the high-tension winding of the transformer, thus setting up 
high potentials with liability of puncture to the winding, high-frequency 
reactance coils II arc inserted between the gap and the transformer. 
These coils have a very low impedance to the flow of current of alter¬ 
nator frequency, but present a very high impedance to the high-frequency 
discharge current, which is thus forced to follow the gap circuit. These 
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coils may be simply a helix of copper wire wound on a porcelain or Bake- 
lite spool, and are designed to possess a high turn insulation/^ They 
can thus safely withstand potential strains which would cause puncture 
to the transformer winding if permitted to occur at this point. Another 
advantage is that the high-frequency current is forced to flow in the low- 
resistance gap circuit, instead of through the higher-resistance by-path 
presented by the transformer winding. The damping is thus decreased, 
and the operating efficiency of the set increased. (The damping is 
decreased by the decrease of closed circuit PR losses.) With modem 
transmitters, where the end turns of the high-tension winding have been 
specially insulated to withstand the high potentials, these high-frequency 
choke coils are usually omitted. 

Condensers.—The Audio-frequency Circuit of the Transmitting Set.— 

The condensers used in a transmitting set are known as “ power con¬ 
densers,” to distinguish them from those used in a receiving set, which are 
known as “ receiving condensers.” A power condenser must, as its very 
name implies, be capable of handling large amounts of power without 
serious deterioration or breaking down. 

The requisites of a power condenser are: 

First.—That the insulation between plates shall be such as to prevent 
its being punctured by the high voltage used. 

Second.—That th(^ losses shall be small. (See p. 252, Chapter II.) The 
dielectrics generally used in power condensers are: air, glass, oil and 
mica. Of these air has the minimum specific inductive capacity, and 
it causes practically no losses, while the other dielectrics have a much 
higher specific inductive capacity but suffer more or less energy loss. As 
regards breakdown voltage air is at a disadvantage as compared with the 
other dielectrics, but at pressures higher than atmospheric the break¬ 
down voltage for air is very high and it increases in nearly direct propor¬ 
tion to the absolute pressure. A comparison of the characteristics of 
these dielectrics is given in Chapter II, pp. 253 and 261-262. 

It will be seen from the characteristics of the various dielectrics that 
if a condenser of a certain capacity is to be designed, the air condenser 
would have the largest dimensions and the mica condenser the smallest. 
However, the losses in the air condenser would be very small, while those 
in a poorly constructed mica condenser might be so high as to make its 
use prohibitive. Glass condensers in the form of Leyden jars have met 
with much favor in the radio field and they have been extensively used. 
Each jar has a capacity of about 0.002 /u/, and is capable of withstanding 
a voltage of about 15,000; for any particular desired voltage and capacity 
the jars are grouped in series multiple, so that the combination will have 
the required capacity and breakdown voltage. Condensers with glass 
as the dielectric are also'made with flat pieces of glass covered with tin 
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foil, the space requirements of such condensers being much smaller than 
for the Leyden jars. They do not stand continued use, however, as well 
as the Leyden jars, because of the greater amount of heating due to smaller 
cooling surface. 

Oil condensers are not very much used in general practice, but their 
use is ver>" commendable in places where there is no possibility of spilling 
the oil. It must be borne in mind, that although the tlitdectric properties 
of oil are unfavorably affected by a fla.sh through it so that oil condensers 
cannot be expected to give as good service after the oil has once been 
flashed, they are still serviceable after a breakdown, whereas a solid 
dielectric condenser, such as mica or glass, is completely spoiled. 

The mica condenser is a very desirable one, and has been used to 
largel}^ supplant the Leyden jar for ship sets and similar installations. 
It is compact, and, if properly constructed,, has a lo.ss so .small as to be 
hardly measurable. The impregnation of the condenser with suitable wax 
must be done sufficiently well to drive out all air complet(*ly, as the trapped 
air bubbles, suffering corona loss, an* the .source of local heating and 
thus weaken the dielectric strength of the mica. It must be not(‘d that 
these condensers are made to be used at th(' rated voltage and fretjiuaicy 
for intermittent service only and that even a good mica condenser if ustal 
continuously at the rated voltage and fnaiuency (for spark operation) will 
have its wax melted after an hour or so. 

Compre.ssed-air condensers are very suitabU' wIkto very high voltages 
and low lossc’s are required; the structun* of the* condcaiser, i.e., the metal 
plates and their in.sulating supports, is placed in a st(‘(‘l contaima’ capable 
of safely withstanding a pressure up to a dozen atmosph(‘r(‘s or more and 
dry compressed air is pumi)ed in until tlu^ recpiirtHl pn‘ssure is obtained. 
It may easily seen that an air compre.s.sor and gauge ani nece.ssary 
auxiliaries of such condensers, and that th(‘ir use cannot be considcTod, 
except for very large land installations, or for laboratori(‘s. 

On the whole the Leyden jar with its simplicity of construction and 
large heat-radiating surface affording cool operation is a favorite type 
of transmitting condenser and would be even more widely used w^ere it 
not for its large space requirements and liability of breakage. 

Transmitting condensers are very s(4dom constructed so that their 
capacity may Ixi continuously varied in view of the insulation difficulties 
resulting from the high voltages dealt with. 

The value of the capacity of the condenser used in the closed circuit 
of a spark transmitter is fixed by the voltage, the spark frequency, and 
the power of the set. The energy stored in a condemscr is CV'^/2^ and if this 
energy is discharged N times p(*r second we have Power = A/'CV'“/ 2. 

We immediately note that the power varies directly with iV, C and P^. 
The value of N is more or less fixed, l)ecaus(j it represents the “ tone of 
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the set and the best tone is supposed to be that due to iV = 1000 per second. 
Therefore, if a certain amount of power must be imparted to the con¬ 
denser a suitable choice must be made of C and F. With a very high 
voltage the dielectric and leakage losses are likely to be high, and the dif¬ 
ficulties of insulating the various parts of the set are such as to make it 
impractical, and a limit in this direction is soon reached after which, if 
more power is required, the condenser capacity must be increased. Volt¬ 
ages of 100,000 might be used in large land installations, but in small 
land and in ship installations the range is 10,000 to 20,000 volts. 

It may be easily seen that in large power installations the condenser 
must have a very large capacity, even though a high voltage is used. 
For instance, assume: 

1U = 50,000 watts; 

U= 100,000; 

A^=1000 p(‘r second. 


Them 




2X50,000 

1000X100,000- 


= 0.01 m/. 


Since this capacity affects the wave length it is plain that even though 
a small inductance be used in the closed circuit, the wave length will be 
large; and this is one nnison why the wave length of high-power instal¬ 
lations is large; there are other reasons which are taken up on p. 372. 
In the example given, even if the inductance in the closed circuit were 
200 g/? (which is comparatively small) the wave length \vould be: 


1885X^200X0.01 = 2660 meters. 


Again, from the formula: 


Cy2 


N==W 


we see that 


V 2 


where I = the current in the antenna; 

/^ = effective resistance of antenna; 

ry = efficiency of transformation from condenser to antenna. 


Hence, 




r ,NC 

2R ’ 


( 1 ) 


(2) 


or the antenna current varies with the square root of the capacity. 
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To show this a test was made on a transmitter with the apparatus 
connected as shown in curve sheet, Fig. 2, where the ammeter measures 
the high-frequency current in the closed circuit. Of course the current 
in the antenna, which is here not shown, would be directly proportional 
to the curreni in the closed circuit. In this test the gap length was kept 
constant, the value of the capacity was varied and the voltage of the 
alternator was regulated until, for every case, a spark occurred for each 



Fio. 2.—Variation of the hip;h-frcqu(*ncy oHcillatory current witli the amount of 

capacity used. 


alternation (as could be approximately determined l)y the pitch of the 
spark note); this meant that the voltage to which the condenser was 
being charged was the same, and, furthermore, that the condenser was 
being charged ahd di.scharg(‘d once for every alternation. UndtT these 
conditions the high-frequency current should l>e proportional to \/c, and 
the square of the current proportional to C. The curve obtained shows 
this to be approximately the case, except that an intercept is noted at 
the point corresponding to two jars due to the fact that for such a low 
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capacity the gap could not be kept from arcing, which, in turn prevented 
the periodic and regular charging and discharging of the condenser. 

Design of Audio Circuit. —We may now discuss more fully the choice 
of the various parts of the so-called “ audio circuit,’’ which comprises (see 
Fig. 1) the alternator, the variable reactance, the step-up transformer, the 
choke coils, and the condenser. This circuit may be simplified by noting 
that a transformer may bo treated approximately as a simple circuit con¬ 
sisting of an inductance 
and a resistance ent irely 
transferred to the high¬ 
er to the low-tension 
side; furthermore, any 
impedance in the sec¬ 
ondary circuit may be 
transferred to the pri¬ 
mary by multiplying 
by a suitaV^le factor. 

On this basis the audio 
circuit may besimplified 
to that of Fig. 3. 

where A = alternator armature, having both resistance and inductance; 

resistance of botli transformer coils transferred to low-tension 
side; 

L/== leakage inductance of both transformer coils transferred to low- 
tension side; 

= resistance* of protective choke coils transferred to low-tension 
side; 

L;, = inductance of protective choke coils transferred to low-tension 
side; 

G = cond(mser capacity transferred to low-tension side; 

= resistance of variable reactance coil in low-tension side; 

L,. = inductance of variable reactance coil in low-tension side. 

The circuit of Fig. 3 may be still further simplified to that of Fig. 4 where 

A = alternator xcithout inductance or resistance; 

7^=^resistance of entire circuit, including alternator armature, 
transformer coils, protective choke coils, variable reactance 
coils, on basis of low-tension side; 

L = inductance of entim circuit (ditto); 

C = capacity of condenser transferred to low-tension side. 

It has already been stilted that this circuit should be adjusted so that 
it will have a natural frequency about equal to that of the alternator; 



I'lo. 3.—An approximate' simplification of the low-fre- 
cpK'ncy circuit of a radio transmitter. 



410 


SPARK TELEGRAPHY 


[Chap. V 


it has also been shown how the capacity of the condenser may be calcu¬ 
lated if the voltage to be used and the power required are known; it 
follows then that, knowing the capacity, the value of the total in¬ 
ductance L in the circuit of Fig. 4 may be easily calculated from formula: 

1 

^^2irVLC’ 


and this inductance may then be apportioned between the alternator, the 
variable reactance, the transformer, and the choke coils. Calculation of a 
typical case is carried out as follows: 

Assume that the transformer ratio is 1 : 80; then, any inductance or 
resistance in the high-tension side may be transferred to the low-tension side 



by dividing by 80“, or G400, while a capacity 
in the high-tension side may be transferred to 
the low-tension side by multiplying by 6400. 

In our case: 

Capacity of condenser in high-tension 
side = 0.012 }jf. IIenc(‘, equivalent low- 
teasion capacity = 0.012X6400 = 77.0 nf. 

If the audio circuit must resonate at 500 
cycles per second. 


Fig. 4. —Simplest possible repre¬ 
sentation of the low-frequency 
circuit, not quite equivii’ent 
to the actual circuit. It neg- 


Total etjuivalent low-tension inductance 


_ 1 _ 

500-X47-X 77.0X10“^ 


= 0.00133 henry. 


lects the magnetizing cur¬ 
rent of the tran.sformer, which 
may l>e comparatively large 
in an open core transformer, 
as is generally used. 


Of this inductance probably th(‘ largest part 
is, in a modern set, found in tlie alternator, 
while the tran.sfonner has comparatively 
little inductance, and th(‘ balance' is made 
up by the choke coils in tli(‘ high-tension 


side and the variable reactance Y.R. in the low-tt'usion side. Most 


alternators u.sed in .spark transmitters are of the inductor type, and this 
type always has a comparatively high internal reactance; if it were not for 
this fact the transfonner, which is generally of the op<'n-corc type, would 
have more reactance than the alternator. 


In order to show the manner in which the whole audio circuit may be 
made to resonate the curves of Fig. 5 are here given as iK'ing repre.senta- 
tive of an actual set. In obtaining these curves the held curn'nt and 
speed of the alternator wTre kept constant, while the capacity in the high- 
tension side of the transformer was changed, with the circuit connections 
as shown in Fig. 5. Under these conditions, as the capacity, and, there¬ 
fore, the natural frequency of the circuit, was varied, the current in the 
primary of the power transformer as well as the voltage across it varied 
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and reached a maximum at the point corresponding to resonance condi¬ 
tions. A capacity of about 5.5 Leyden jars is seen to have produced 
resonance. In an actual set the adjustment of the capacity, or of the 



NumlMjr of Leyden jaii connected in multiple across the secondary of tne transformer 

lia. 5.—Variation of alternator voltaRe and primary current of a 2-k\v. spark trans¬ 
mitter as the capacity in the secondary of the transformer was varied; field cur¬ 
rent of alternator and speed held constant. Gap set too long to permit sparking 
at voltage of test. 


inductance, is made about 20 per cent to 30 per cent larger than neces¬ 
sary to give resonance at audio frequency, thus making the natural fre¬ 
quency of the circuit somewhat lower than the alternator frequency. 
This point will be more fully emphasized further on. In the case repre- 
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sented by the curves of Fig. 5 the set was actually operated with 8 Leyden 
jars across the secondary. 

It now remains to investigate, as far as the conditions will allow, the 
transient phenomena taking place in the audio circuit as the condenser 
is charged and discharged; we especially mean to refer to the variation 
of the condenser current and voltage as the alternator e.m.f. is impressed 
upon the audio circuit, and thereafter, as the gap breaks down. As shown 
in Fig. 4, we are dealing with an oscillatory circuit, having the resistance, 
inductance, and capacity /f, L, and C, respectively, upon which there is 
impressed a harmonic e.m.f. The equation for the instantaneous value 
of current for such a circuit was derived in Chapter III, p. 332, and is 

E 

2=— m\ (pt~-(j))+A€ 2LsinwC, ... (3) 

in which p = angular velocity of impressed force; 

a? = angular velocity of natural oscillations of the circuit; 

0 = phase difference of E and / in the steady state; 

A=a constant to be determined; 

C = time of duration of the transient term. 

In deriving this equation (p. 335) it was shown how to solve for A and 
these depending for their value on the* time the voltage is introduced into 
the circuit. In a radio set no switch is actually used, but the equiva¬ 
lent effect is caused by the operation of the spark gap; when the gap is 
sparking its resistance Ls so low that the secondary of the power trans¬ 
former is short-circuited and this is the condition for comparatively small 
current in the armature circuit. When the gap op^'ns (ceiuses to carry 
current) the effect of the conden.ser of the closed oscillating circuit is to 
so neutralize the inductance of the transformer and armature that the 
current rises to comparatively large values. W'e may g(‘t a fair idea of 
the behavior of the actual radio circuit, therefore, by supposing that Eq. 
(3) holds good, the voltage, E sin ply Ix'ing introduced into the circuit at 
the instant when the gap opens. As numtioned when analyzing the action 
of this circuit before (page 336) the general solution is difficult, but we can 
get fairly easy solutions if we assume that the condenser is completely 
discharged at evexy oscillation and that the gap opens when the voltage 
of the generator is zero; this latter condition may lye approximately satis¬ 
fied by suitable adjustment of the set. 

Assuming that the low-frequency circuit is resonant to the alternator 
voltage, that the gap opens when generator voltage is zero, and that the 
condenser is discharged, Eq. (3) becomes 
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E E E 

i=—sin pi —-( 2i-sin co<=—sin p<(l—e 2 L), ... (4) 

Z Z li 


From this we find the voltage across the condenser; it is 

E\ I . €~2L R ^ \] 

’•-era *’'+TrRv''S; ™ ^)i 

which when {R/2L)- is small compared to (p)- gives 
E f li 





( 5 ) 


This equation shows that the condenser voltage rapidly changes its 
phase during the first few alternations, the sin 'lA term predominating 

_Rt 

at first, the cos pt term being zero; as soon as e departs appreciably 
from unity the cos pt begins to predominate and this continually increases 



Fig. 6.—Transient current in'audio circuit of a spark transmitter, circuit tuneti to 

alternator frequency. 
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with increasing time due to the increasing value of (1—c 2 l). Thus in 

the steady state (e 2L^0) Eq. (5) reduces to the familiar form 
Vc=— (E/pCR) cos pL 

The curves of Fig. 6 show the form of current and voltage across 
the condenser for a typical circuit, the values of the various constants 
being noted on the curve sheet. It will be noticed that the condenser 
voltage reaches its maximum values at approximately the times when 



Fig. 7.—Transient current in audio circuit of a spark transmitter, circuit frequency 
}>eing about 20 per cent lower than alternator frecjuency. 


the impressed voltage is zero, and hence the spark gap will break down 
at about this time; the resulting oscillatory current in the closed oscil¬ 
lating circuit at once discharges the condenser, the spark gap opens and 
the voltage of the alternator, passing through its zero value, is again 
impressed on the circuit to produce the next transient. It is to be seen 
that if events follow the order given here the assumed condition (6 = 0 
when gap opens) is satisfied. 

It is found in practice that the condition of resonance assumed in this 
analysis tends to produce irregular sparking, giving the signal a ragged 
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note, so actually the natural frequency of the circuit Ls made about 20 
p(T cent lower than the frequency of the alternator. On the assumption 
that the spark gap again opens when the generator voltage is passing 
through zero the curves of Fig. 7 have been constructed for the same cir¬ 
cuit as used for Fig. 6 with the exception that the capacity has been 
increased from 20 fif to 30 )u/, this giving about the same amount of de¬ 
tuning as is used in practice. 

For this case the form of current and condenser voltage are obtained 
by the use of Formulas (80)~(83) of Chapter III. Supposing that the 
gap opens the circuit at the instant the circuit voltage (that produced 
by the alternator) is zero and increasing, it is found that for the steady 
state the curnait should be —23.5 amperes and the voltage across the 
condenser should be —92 volts. To satisfy the condition that the actual 
current must be zero as well as the drop across the condenser a transient 
t(‘rm must be added to th(' steady state solution; by the process outlined 
in (diapter III this transient is found to be satisfied by charging the con- 
dens(‘r to —385 volts and starting this transient term 0.000756 second 
before the alternator voltage goes through its zero value—this transient 
term has the natural frecpiency of the circuit (given practically correct 
by piitting a;= (l/\/Z(’)) and a damping fixed by the R and L of the circuit. 
'Fhe actual current is olMained by taking the sum of the steady term and 
transient term and is 

150 

i — -——r—:— — sin (3000^ — 70.7^^) 

i > / V 

\2- + ( 3000X0.0056- -) 

> V 3000X30/ 

'2it ^-0 0(K)75(>' 

+ 28.2€~ ^’xiruuoiT sin {2440(^ + 0.000756)} 


Actually the effective resist a nc(‘ of tlie circuit would be much greater 
than 2 ohms (the value given in this problem), owing to iron losses in the 
circuit, but as they are neglected in this problem R is given the value due 
to the copper wire. 

Similarly tlie equation for voltage drop across the condenser is found 
to be represented by: 


Vr = 


3000X30 


n/2»+(; 


150 XUF’ 
3000X0.0056- 


10 ^’ 


= sin ^3000/-70.7°-^^ 


3000 X 30/ 


2 ^ 4-0 0007 ^ 

— 385« “lixo.oosti cos {2440(/+0.000756)} 


It may be seen from Fig. 7 that tlie voltage across the condenser 
is rising more rapidly, at times l = ir, than was the case for the resonant 
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condition depicted in Fig. 6; it is quite likely that this more rapid rise in 
condenser voltage, by causing the spark to take place at a more definite 
time, accounts for the more regular behavior of the spark when the cir¬ 
cuit is detuned as supposed in Fig. 7, than when the circuit is resonant. 

In Figs. 6 and 7 the forms of current and condenser voltage have 
been shown for nearly two cycles; actually if a spark occurs at the time 
indicated by the letter A on the condenser voltage curve (which is the 
time the spark should actually occur) the condenser voltage drops to zero 
and it, as well as the current, goes through the same changes from tt to 27r 
as it did from 0° to tt. The actual forms of the condenser voltage for the 
circuits analyzed in Figs. 6 and 7 are shown in Figs. 48 and 49 of Chap¬ 
ter III, p. 339. It will be seen that the above analysis does give fairly 
accurate results. 

Tjrpes of Spark Gaps. —The construction of the different commercial 
types of spark gaps in use at the present time may be conveniently sub¬ 
divided into the following classes: 

(а) Synchronous rotating gap. 

/v\ r\ L j fself-cooled 

(б) Quenched 

Sjmehronous Rotating Gap—Construction and Operation. —The con¬ 
struction of the synchronous rotating gap is indicated in I^ig. 8, where 
the rotating electrode shown is simply a toothed wheel, rigidly fastened 


Hoasing rotatable thru twice the 
distance between studs 



■paced, one for each polo 
on the alternator 

Fio. 8.—Arrangement of parts of a synchronous rotating gap; instead of using a metal 
disk for the rotating member this is sometimes made of a disc of Bakelite or similar 
material, the rotating studs being then all connected together by a metal strip. 
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to the alternator shaft. The spark jumps from one fixed electrode to the 
disc, through the disc and thence back through the second gap to the 
other electrode. 

The position of the disc on the shaft is adjusted permanently so that 
the teeth line up with the fixed electrodes at the time of maximum values 
(positive and negative) of the voltage wave, and the gap separation 
adjusted so that the breakdown voltage is slightly below the maximum 
voltage. Under these conditions the gap breaks down once during each 
half cycle, and assuming a 500-cycle supply, the group frequency is evi¬ 
dently 1000. The number of teeth on the disc is determined by the number 
of alternator field poles. For instance, if the alternator be equipped 
with 24 poles, the disc would have 24 teeth, and 24 breakdowns would 
occur per revolution. This would correspond to an alternator speed of 
2500 r.p.m. if a group frequency of 1000 were desired. 


Condenser 

Voltaj^c 



Fig. 9 . Conventional representjition of audio- and radio-frequency currents; actually 
the voltai^e across the condenser does not have the sinusoidal shape given here but 
has the form given in Figs. 0 and 7. 


Clearly, the number of breakdowns per revolution may be controlled 
by substituting discs with different tooth spacing. Thus, we could omit 
alternate teeth, and cut the group frequency in half, etc. The tone of 
a signal may thus be altered easily and quickly, in case this is found 
desirable because of interference effects present. The quality of the note 
may be made quite distinctive by introducing regular irregularities in 
the arrangement of teeth as, e.g., omitting every third tooth. 

The action of the gap, assuming one breakdown to occur every half 
cycle, is indicated conventionally in Fig. 9. Actually the condenser volt¬ 
age is not a sine wave, but has the peculiar form shown in Figs. 6 and 7. 

Synchronous Gap Application.—The synchronous gap possesses a low 
operating resistance, due to the electrodes being close together at the time 
of discharge, and automatically recovers its insulating properties between 
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discharges due to the electrodes being widely separated during this interval. 
Arcing is prevented by the separation of the electrodes increasing as the 
wave train passes, and also by the fanning and cooling action of the rapidly 
moving electrodes. Partial discharges cannot occur, as the gap separation 
may be adjusted for breakdown near the voltage maximum. This form 
of gap will successfully handle large amounts of power and high spark 
frequencies, and has been widely used on commercial spark transmitters 
of large capacity. 

Quenched Gap.—The property which a gap possesses of returning 
very quickly to its iin-ionized condition is termed “ quenching.’’ In 
the rotating gaps, quenching is obtained principally by the air blast which 



Fig. 10.—Photograph of a commercial type of quenched gap; three discs clamped 
together by insulating screws make up a unit, there being two gaps in series f)er 
unit. 


occurs at the sparking contacts, and also to some extent perhaps by the 
high velocity of the moving electrodes, thus preventing arcing and per¬ 
mitting the voltage to build up again across the condenser, as already 
noted. 

In place of mechanical quenching action, as illustrated by the rotary 
gaps, an electrical quenching type is also widely used, which is known 
as the ''quenched gap.” In this type, the return of the gap to a con¬ 
dition of high dielectric strength is obtained through very rapid de-ioniza¬ 
tion of the gap between the electrodes. The constniction of a typical gap 
is shown in Jig. 10. The following description of its action will explain 
the peculiar cellular form of construction illustrated. 
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Quenched Gap—Requirements of Rapid De-ionization. —For the gap 

to operate satisfactorily, that is, return to its un-ionized condition in an 
extremely short time, the following conditions must be fullfilled: 

1. The spark must take place in a space in which no oxide is formed. 
This is because the oxide will deposit on the sparking surface of the gap 
and soon short-circuit it. 

2. The metal surfaces must be kept cool and the electrodes must there¬ 
fore 1x3 good heat conductors. Silver or copper are the metals which best 
fulfill this requirement. Usually silver-plated copper electrodes are 
employed. 

3. No part of the gas which forms the gap dielectric must be far from 
a cool metal surface, that is, a very short gap only may be used. 

Quenched Gap—Construction. —The above requirements are satisfied 
in the commercial form of gap as follows: 

1. The spark takes place in a practically air-tight chamber. The 
several elements or sections of the gap are separated from one another 
by the insulating gaskets as shown (Fig. 11) and the whole clamped 
tightly together. When the gap is first operated, the air, which is initially 
between the gap faces, becomes separated into its elements, mainly oxygen 
and nitrogen, the oxygen combining with the copper electrodes to form 
copper oxide, thus leaving an atmosphere of essentially pure nitrogen 
between the gap faces. The black oxide of copper disappears after the 
gap has been in operation a short while, the gap faces being found bright 
and clean if the gap is disassembled for inspection. (The exact reason 
for the disappearance of this oxide is not apparent—it is probably absorbed 
into the material of the separating gasket, under conditions present when 
the gap is in ojx'ration.) 

2. In addition to using good heat-conducting materials, such as silver 
and copper, for the electrodes, the efficient cooling of the gap is assisted 
by means of cooling vanes or fins, which radiate the heat produced during 
the operation of the gap. These fins are clearly indicated in the photo¬ 
graph (Fig. 10). There has been recently developed a staggered form of 
gap construction, which jx'rmitsair circulation on both sides of each element. 

This construction, whereby cooling is accomplished by increased radi¬ 
ating surface, represents what is known as the self-cooled t^'^pe. It is 
sometimes necessiiry, with the higher-powered sets, to supply a small 
motor-driven fan to cool the gap satisfactorily.^ 

3. The requirement that no particle of gas in the gap shall be remote 
from a metal surface is satisfied by subdividing the gap into sections, 
the number of sections increasing as the breakdown voltage value 
is increased. Each gap provides somewhat less than 0.01 inch separation, 

^ Most modern K-nps receive their supply of cooling air from a fan mounted on the 
alternator shaft, thus dispensing with the extra motor required for blower. 



420 


SPARK TELEGRAPHY 


[Chap. V 


with a breakdown voltage of approximately 1200 volts. Thus no particle 
of gas in the gap is more than 0.005 inch away from the metal, and the gap 
is rapidly de-ionized. This rapid de-ionization is due principally to the 
loss of electrons by diffusion, although recombination of electrons and 
positive ions is also a factor. By loss of electrons by diffusion is meant 
the removal of electrons from the gas to the face of the gap, due to the 
attraction of the induced positive charges on the 
gap faces. As the most distant electron has only 
a short distance (0.005 inch) to go before arriving 
at the gap face and the attracting charge, the 
time required is extremely small. 

Instead of having an initial dielectric of air 
between the gap faces, one of several gases may 
be used. Using air, carbon dioxide, or nitrogen, 
Pieck ^ has shown that quenching is about the 
same for any of these gases and greater than for 
hydrogen. The gas pressure adversely affected 
the quenching and, at high pressures, this quench¬ 
ing is also affected by the wave length, being best at the longer wave 
lengths. These results may be deduced by consideration of the theory 
of the gap as outlined above. 

In case the quenched gap does not function as it should, there may be 
more than one spark per alternation; this is shown in Fig. 12. When this 


Insulating Gasket 


m 


m 


-Copper or silver 
sparking surface 

Copper Element 
Cooling Flange 


Fia. 11.—Cross-sectsonal 
sketch of part of a 
quenching gap. 


Condenser 

Voltage 



Fio. 12. —If the quenched spark gap does not function properly, there may be two or 

more sparks per alternation. 


occurs the musical quality of the note changes and also the gap is very 
likely to overheat and spoil. Such an effect may be produced by improper 
coupling between the clased oscillating circuit, where the gap is used, 
and the antenna circuit. 

» “On the Phenomenon of Quenched Sparks,” V. Pieck, Jahrbuch d. Drahtl. Tele., 
Jan., 1920. 
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The Radio-frequency Circuits. —These consist of the closed and open 
oscillatory circuits, coupled together through the oscillation transformer. 
The whole of the radio-frequency cir¬ 
cuit for a two-coil oscillation trans¬ 
former is shown in Fig. 13. The 
closed and oper. circuits are tuned to 
the same frequency. 

The theory applying to the above 
is that which has been discussed in 
connection with two inductively 
coupled oscillatory circuits (see Chapter 
III, pp. 309, ct scq.). The main point 
to be considered is that when the two 
circuits arc closely coupled there are produced in each two currents of 
frequencies differing from the natural frequency of the two circuits; when 
the natural frequencies of the circuits are the same, then the frequency 
and wave length of the component currents are given by (see Chapter 
III, pp. 311, et seq.). 

r=:—yL=, y'=Wi-k, 

V l-fc 



Fig. 13.—The two coupled radio- 
frequency circuits of a spark trans¬ 
mitter. 


^ VTT1-’ 


x'=xvT+r, 


where / and X = natural freiiuency and wave length of either circuit; 

f' and X' = fre(iuency and wave length of one of the component cur¬ 
rents; 

/" and X" = frequency and wave length of the other component cur¬ 
rents; 

A'= coefficient of coupling. 


The relative amplitudes of the two currents have been discussed in 
Chapter III, pp. 313, et seq.; generally the higher-frequency current has 
the greater amplitude. Furthermore, the higher-frequency currents of the 
primary and secondary arc about 180® apart, while the lower-frequency 
currents of the primary and secondary are about in phase. The effect 
of all this is to produce current “ beats ” in the primary and secondary 
with a frequency equal to the difference of the frequencies of the com¬ 
ponent currents; again, while the resultant current in the primary is pass¬ 
ing through the small amplitude values of the “ beat cycle,the secondary 
current is prssing through the high amplitude values of the “ beat cycle,*^ 
and vice versa. This is illustrated by the curves of Fig. 14, where the 
dotted-line curves represent the resultant primary and secondary currents; 
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it will be noted that the primary resultant current starts with a high ampli¬ 
tude at Q and decreases to a low amplitude at Ry while the secondary 
resultant current does just the opposite. In plotting the curves it has 
been assumed that neither circuit suffers any losses, and the result is that 
the decrement of the component currents is zero, while the resultant cur¬ 
rents would also periodically repeat themselves through the “ beat cycle'^ 
without any decay. This of course is not true of an actual case, where, 
on account of the losses in both circuits, the decrement would have a 
definite value, and the resultant currents would decay ” somewhat as 
shown in Fig. 15, which represents the component and the resultant pri¬ 
mary and secondary currents for circuits with decrements. Another 
assumption made is that the gap used is such (open spark gap) that it 



Fia. 14.“ Currents in the two circuits of Fig. 13, no cliimping jussumeil. 


remains closed for considerable time after its breaking down, so that the 
currents may flow through the clo.sed circuit. 

The phenomtmon of the “ beats takes place most pronouncedly when 
the coupling between the primary and secondary of the oscillation trans¬ 
former is closest. For loo.se coupling the two circuits oscillate at very 
nearly a single frequency equal to their natural frecpiency, but when this 
is the case the secondary current is generally low. (In the other hand, 
when the coupling is very close, although the current in the antenna is 
large, yet since it is made up of two component currents of two widely 
different frequencies the antenna will radiate energy at these two different 
frequencies; this is very objectionable because the total available energy 
is subdivided, and hence the range of transmission diminished, and also 
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because it would interfere with other stations. As a matter of fact, the 
law in the United States requires that the energy of no other frequency 
shall exceed 10 per c(mt of that of the frequency on which the station is 
transmitting. 

As outlined above, mi find that when an open spark gap is used, which 
remains closed for some time after its breaking down and thus permits 
a current to be maintained in the closed circuit, we are confronted by 
either one of two evils, i.e., low current in antenna at a single frequency 
for loose coupling, and large antenna current of two frequencies for close 


CURVES OF CURRENT IN COILS OF AN OSCILLATION 





For 
Y Primary 
Circuit 



coupling; besides, for both loose and close coupling, energy is wasted in 
the primary, since the latter has a current flowing in it for a longer time 
than n(‘cessary, which pnaluces unnecessary losses, and subtracts from 
the energy which might otherwise be given to the antenna. 

In order to overcome these difficulties advantage is taken of the fact 
that, as has aln'ady been pointed out, and as shown in Fig. 15, the pri¬ 
mary and secondary currents (for close coupling and an open spark gap) 
pass through beat cycles, and that tlie amplitude of the primary current 
has minimum values at the same time that, the amplitude of the secondary 
current has maximum values. It is plain that if the primary current 
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were automatically interrupted when passing through its minimum 
amplitude values, the secondary circuit would then go on oscillating at 
its own frequency and damping. This, of course, would be made pos¬ 
sible by the fact that the primary current would be interrupted when 
the secondary current amplitude values are a maximum and hence when 
almost the entire energy is in the secondary. According to this plan 
the cm'rent would be interrupted in the primary at the completion of the 
first one-half of a “ beat-cycle '' as shown at A in Fig. 16. To interrupt 
the primary current several methods may be used, the simplest of which 
is by replacing the ordinary open gap by the so-called “ quenched gap.^^ 
The construction of this already has been described on p. 418. Its char¬ 
acteristic is that it “ opens when the current in the primary of the oscilla- 


CURVES OF RESULTANT CURRENT IN COILS OF AN 
OSCILLATION TRANSFORMER FOR A QUENCHED GAP 



Fig. IF).—Currents in the two circuits of Fip:. 13 if the used in the closed circuit is 

of the quenching ty|>e. 


tion transformer passes through its low values, probably because the com¬ 
paratively few ions, which are formed betwetm the sparking surfaces during 
the time of low-current amplitude, disappear very quickly, thus making 
it impossible to maintain low currents through the gas between the sparking 
surfaces. Such a gap is said to ‘‘ quench ” the spark formed upon the dis¬ 
charge of the condenser. A quenchtal gap may lx* and is generally operated 
with a close coupling of the oscillation transformer, tecause the closer the 
coupling the greater the amount of energy transferred to the antenna 
circuit; but if the coupling should be made extremely close then it is pos¬ 
sible that the gap may refuse to quench, Ix^causci of the very short time 
during which the closed circuit has its low amplitude current; this may not 
be sufficient to pf^rmit the gap to quench. A critical coupling, therefore, 
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exists at which the gap quenches best; this coupling is quite close and far 
closer than could be used with an ordinary open gap; the secondary current, 
as indicated by an ammeter, is a maximum for the critical coupling. Of 
course if the gap is quenching properly the secondary current should have 
a frequency equal to its natural frequency, and, since no current flows in 
the primary, the efficiency is higher and the decrement lower than for the 
open gap.’^ 

The adjustment of a transmitting set as regards the coupling of the 
closed and open circuits, the gap, and the tuning of the two circuits is 
best determined by obtaining the energy distribution curve.'' Such a 
curve is obtained in the following manner: a search coil of one or two 
turns is introduced in the antenna circuit as shown at aS, Fig. 17, and a 
wave-meter circuit, consisting of La, C 4 , and a hot-wire meter A, is loosely 
coupled to S. With the transmitter in operation the capacity Ca is set at 
different values, and reading of A is obtained; thus, as the natural wave 
length of the circuit of Ca-Li-A is varied, the ammeter reading varies. 
A curve plotted with values of the natural wave lengths of circuit 
Ca-La-A against squares of ammeter readings is known as ‘‘energy-distri¬ 
bution curve," and shows the relative amounts of energy radiated by the 
antenna at each wave length. Another 
way to look at it is that, since the circuit 
Ca — La — A is nothing but a receiving cir¬ 
cuit loosely coupled to the transmitting 
antenna, it follows that the energy distribu¬ 
tion curve also represents the energy reach¬ 
ing the receiving circuit when it is adjusted 
to different natural wave lengths. Which¬ 
ever way one chooses to look upon the 
‘‘ energy distribution curve," it is plain that 
it is of great importance in the study and 
adjustment of a transmitting set. Two 
typical sets of such curves are given in Figs. 

18 and 19, and a study of these will bear out some of the points 
brought out in the previous discussion. In these curves the ordi¬ 
nates represent squares of currents, and they were in one case read 
on a so-calledwattmeter"* and in the other on a thermo-galvan¬ 
ometer. 

Fig. 18 shows curves for an open gap and for different amounts of 
coupling, curve 1 being for the closest and curve 8 for the loosest 
coupling. It will be seen that for any but the loosest coupling there are 

* Wattmeter is the name often ^iven, in radio measurements, to a hot-wire ammeter 
the scale of which is calibrated to indicate the power exi>ended in the resistance of the 
instrument itself. 



Fig. 17.—Use of wave meter 
for Rotting the energy distribu¬ 
tion curve of antenna circuit. 



Wattnicter Ueudings 
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two maxima in the radiation of the antenna at two different wave lengths 
more or less separated from each other; tliiLs, for curve 1, the two wave 
lengths are 732 and 415 meters, while for curve 7 they are 616 and 588 
meters. On the other hand, for curve 8 maximum energy is radiated at 
the one wave length of 602 meters, i.e., the natural wave length of the 
closed and open circuits. Again, by reha-ring to the table inserted in Fig. 
18, we note that the antenna current was a minimum for curve 8 (1.25 
amperes) and a maximum for curve 1 (1.57 amptaes). Or, as already 
pointed out, the loose coupling produces an antenna current which, though 



Fig. 18.—A Spt of ro.sonanro curvo.s for a spark tran.sinittf'r having a non-fjuonrhinj' i^ap; 
even when the coutjlinj^ is a.s low a.s 5 jkt rent two distinct waves an* emitted from 
the antenna. 


smaller than for clo.se coupling, radiates maximum erK*rg}' at a single fre¬ 
quency or wave length. 

In Fig. 19 are shown some energy distribution curves for a std having 
a quenched gap, the values of coupling iFcal being not(‘d on tlie curve sheet. 
It will be seen that the radiation for any but the weakest coupling was 
impure, i.e., took place at more than one fretjuency. As the coupling 
is increased, in a quenched gap tran.^^mitting .set, from very low values, 
the antenna current, a.s read on the ammeter, will increase with the 
increasing coupling; for a certain coupling the antenna current reaches 
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a maximum and then decreases sharply for a further small increase 
in coupling. Thci value of coupling just less than that at which the 
antenna current decreases is tlui pro{)er one to use; it is the maximum 
value which can be used and still maintain the quenching action of the set. 

Adjusting the Spark Transmitter.—In adjusting the transmitter 
shown in Fig. 1, to radiate at a c(‘rtain wave length and energy output, 
the following schedule of procedure is followed; 



Fio. 10. Uosonanro rurvos of a spark transmitter iisinp a qiienohinpj pap; the pa]i would 
not projM'ily (piem’h if tin' eoiiplin.c <‘X(*ee(lod 20 ]>er rent. For eurves 1, 2, and 3 
partial (puaiehiii^ is indicated hy the presence of three “humps” on the resonance 
curve. 


1 . With the antenna circuit open, the closed oscillating circuit is 
adjusted to the wave length desired, j)v varying the value of inductance 
L\} The primary capacity is usually fixed in value and is not readily 

' In the discussion stands for the total inductance in the closed oscillating circuit, 
i.e., the sum of the inductances of Li and L'l of the diagram; as previously noted, the 
extra inductance in the closed oscillating circuit, L'l, is very seldom used. 
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changed, whereas the inductance Li, forming also the primary of the 
oscillation transformer, is always of the variable type. The wave length 
at which the circuit will oscillate may be marked on the inductance Li, 
different values of L\ corresponding to different wave lengths, since Ci is 
fixed and Li and Ci being given in micro-units. 

Xnieters ~ ISSSa/LiCi. 

This calibration is usually made b}^ the manufacturer before the set 
is delivered. In certain emergenc}" or special conditions, however, this 
may not have been done, in which case a wave meter is loosely coupled 
to Li, and L\ adjusted, until the wave meter indicates a maximum deflec¬ 
tion for the wave length, at which the set is to transmit. 

2. After the closf'd circuit has been adjusted to the desired wave length, 
the antenna circuit is closed and /oo.sc/y coupled to the closed circuit. 
The antenna inductance L 2 (or L 3 if in circuit) is then varied until maxi¬ 
mum current is indicated on the antenna ammeter, under which condi¬ 
tion the two circuits are in resonance. This adjustment may Ix) checked, 
by coupling the wavemeter loosely to th(^ loading coil, if in circuit, and 
noting the wave length at which maximum deflection of the wave meter 
ammeter is obtained. This should be the same as the wave length for 
which the closed circuit was adjusted. 

It is important to note that the wave meter should not be coupled 
to the oscillation transformer st'condary when making this check, but to 
some coil remote from L 2 . If no loading coil is us(*d, a small search coil, 
consisting of a turn or two of wire, should Ix' inserted in the circuit, remote 
from the oscillation transfonner, and tl)e wav(‘ meter coupled to this coil. 
This procedure is required becau.se of the relations of the flux, which 
surrounds lx)th windings of the o.scillation transfomuT, when }K)th wind¬ 
ings are carrying current, and under which condition, double-frequency 
current flows in each circuit. It was shown (s(‘e p. 313) that the lower- 
frequency currents in each winding are practically in phase, while the 
higher-frequency currents are practically 180° out of phase'. The flux 
relations of the oscillation transformer, assuming a flat spiral construc¬ 
tion, are thus as illustrated in Fig. 20. 

It is appanuit that a wave meter placed Ix'tween the two coils, as 
indicated in Fig. 20, will indicate reasonance at the higher-frequency value, 
while if placed in the axial position will show resonance at the lower- 
frequency value. Intermediate positions will result in a combination of 
effects of the two fluxes, and the indications would therefore be inac¬ 
curate and confusing. It is thus always advisable to couple the wave 
meter to a single remote coil in the antenna circuit. The disturbing 
effects of the oscillation transfonner fluxes in the wave-meter indication, 
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exist to some extent even with loose coupling and both circuits correctly 
tuned. However, a wave meter coupled to the loading coil or search coil 
would give true indications under any condition. When the antenna is 
carrying much current, no search coil at all is required; if the coil of the 
wave meter is placed near the earth lead sufficient coupling will be obtained. 

3. The set, after adjustment of the closed and open circuits as out¬ 
lined above, is in condition for sending at the given wave length. The 
coupling should then be adjusted so that the energy radiated at this wave 
length will be a maximum. This will not be at the highest value of 
coupling obtainable, nor will the antenna current be a maximum neces¬ 
sarily for this condition. Maximum antenna current indicates a maximum 
energy radiation, but the distribution of this energy, as discussed on p. 425, 
is of more importance than the total radiation, and if the coupling is 
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Fig. 20. -Croaa-sootion through an oscillation transformer showing the distribution 
of flux due to tlie high- and low-frerjiiency currents. With wave-meter coil on 
the axis low’-fre(iuencv reasonanec is obtained, whereas with coil between the two 
parts of the transformer high-freijiieney re.'^onance is obtained. 


too close, the radiated energy may be distributed over a large range of 
wave lengths. Thus the efficieney of the set, as measured by the energy 
reaching the receiving station, which is tuned to the wave length for which 
the transmitter is adjusted, may be very much reduced. This is a very 
important point and one often overlooked; namely that the criterion for 
best operation is maxim mu energy radiation at the wave length for which 
the set is adjusted and not maximum antenna current. 

Characteristics of the Spark Transmitter — Energy Distribution 
Curves. —The energy distribution curves of a transmitter under different 
coupling values are shown in Fig. 18, the form of these curves evidently 
being determined by the coupling used, which in turn is governed by the 
following factors: 

First.—The total amount of energy to be radiated. If the receiving 
station is at a considerable distance, more energy will be required and 
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vice versa. This, however, is a minor factor, as the energy control is 
primarily obtained by spark gap adjustment. 

Second.—The desired distribution of the energy radiated over the dif¬ 
ferent wave lengths as illustrated by the curves (Fig. 18). 

Under certain conditions, as, for instance, the sending out of distress 
signals, etc., a broad distribution of the energy radiated is of prime impor¬ 
tance and close coupling would be used. A large number of stations, all 
of which may be tuned to different wave lengths, woiikl thus lx? reached. 
This condition is shown by curve No. 4. 

Under nonnal operating conditions, however, the distribution of the 
radiated energy is of greatest irn{)ort a nee, and the coupling is adjusted so 
as to cause a minimum of interference' with otlxT stations, within range, 
for whom the message is not intendc'd. Unde'r this condition the maxi¬ 
mum energy is radiated at the wave' le'ngth for whie*li the receiving set is 
tuned (as indicated by curve 8) and thus a maximum strength of signal 
would be obtained at the receiving station, although the coupling iise'el is 
considerably less than that use'el in curve' 4. 

Adjustment of Power Input to the Transmitter.—The al)ove descrij)- 
tion has considered the adjustment of the' s('t for desire'd power output 
conditions. Power input adjustments will now he' e'e)nside're'd. 

Since the high-freciuency power input is espial to U’lF-A", this power 
may be controlled by varying the epiantitie's (h, A’, and iV. 

Nonnally, the group fre'ejueaicy (A') will not he* varie'el, as the operating 
efficiency of the set will prohahl}^ be ce)nsieie*rahl 3 ' elecre'ase'd for sjx'eels 
other than noted. Also, as m(‘ntie)ne‘el pre'vie)usly, the' characteristics 
of the phones at the* receiving statie)n are* usually such as to make the'in 
mo.st sensitive to a group freepiency e>f abe)ut 1000 cycle's |M‘r second, 
and it is therefore undesirable to deviate' frean this value te) any ce)nsieler- 
able extent. 

In practical installations, the e‘le)se‘el-circuit capacity (fh) is usually 
fixoel in value, anei ce^ulel ne)t be' varie*ei te) secure' a change' in the pe)wer 
input. 

The voltage to which C\ is chargc'el, A', is reaelily ce)ntre)Ile'el, however, 
by adjusting the separation of the spark gap in the' pre)|)<'r manner. This, 
therefore, fomis the means whereby the' pe)vve'r input may be ea)ntre)lk'd, 
and although limiteel in range, as eli.scusse*el [)e'low, is wielely usenl in 
practice. 

In case a quencheel gap is usexl thf' power ini)ut is controlleel by using 
the proper number of gaps in series, many fe)r high i)e)we‘r anel jx'rhaps 
only one or two for short-range sc*neling. It must be re-membereel that 
as the gap length is changed, or the numbe*r e)f sections of a e|uenched gap 
varied, the voltage of the alternator must be^ correspondingly altered to 
prevent arcing and irregular discharges. 
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Capacity and Inductance of the Closed and Open Circuits.—The proper 

capacity to be connected into the closed circuit will depend on the amount 
of the high-frequency power which it is intended to generate, the charging 
voltage to be employed, and the group frequency, since 

when Ci= closed circuit capacity in farads; 

= potential in volts to which condenser is charged; 

A^ = group frequency in wave trains per second. 

Thus, if we assume 

W— 2\ kw.=2500 watts; 

E = 15,000 volts; 

A^ = 1000 (alternator frequency = 500) 

W'e have, 

2500 = \XCi(iJ)X 100“ X1000 
C{ =0.022 microfarad. 

The closed-circuit inductance, which also acts as the primary of the 
oscillation transformer, will be determined by the above value of Ci and 
the maximum wave length at which the set is expected to radiate, 

Since: 

Xmeters ~ 1S85A/^ E\C j. 

where Zyi= closed circuit inductance in microhenries; 

Cl = closed circuit capacity in microfarads, 

we have, assuming Xmax=1000 meters 

1000 = 1885\/a,X0.022 

L \ = 12.8 microhenries. 

For proper operation the oj^K-n (antenna) circuit constants L 2 and C 2 
must satisfy th(' relation 

Lx(\ = LX\ 

where L\ and Ci are the same as indicated above; 

C 2 = total effective capacity of antenna circuit; 

L 2 = total effective inductance of antenna circuit. 

Usually, C 2 will be considerably less than Ci due to the difficulty and 
expense of building large-capacity antennas, and thus Li usually exceeds 
L\ in value. If we assume an antenna capacity of 0.0024 microfarad,^ 

‘Represents approximately an “L*' antenna, length of top = 200 ft., height = 98 
ft., number of wires = 0. 
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then QQ 22 

^2 = ^ : X 12.8 = 117 microhenries. 

0.0024 

All of this inductance would not be contained in the secondary winding 
of the oscillation transformer; a large part of it would be supplied by the 
loading inductance, while a relatively small portion would be found in the 
antenna itself. In the antenna referred to above, the inductance would 
be, perhaps, 40 microhenries. 

Thus, the closed and open circuits are tuned to the same wave length, 
and if the coupling between them has been properly adjusted (see above), 
a maximum amount of energy will be radiated at 1000 meters and the 
eflSciency of operation will be a maximum for the given conditions. The 
procedure to be followed in adjusting for a different wave length or chang¬ 
ing the energy radiated by the set hiis already been described. 

Elements of the Receiving Station.—The general connections and action 

of a receiving set have already been dis¬ 
cussed. (Sec p. 398.) Primarily, it consti¬ 
tutes a circuit which absorbs a portion of 
the electrostatic and electromagnetic energy 
which reaches it from the transmitter, com¬ 
bined with certain devices to make this 
absorbed energy produce maximum visible 
or audible effects, so that its reception 
may he evidenced and intelligence thus 
transmitted. 

The antenna circuit represents the 
energy-absorbing element of the receiving 
set. The waves of* electromagnetic and electrostatic energy sent out 
by the transmitter induce an e.m.f. in the antenna circuit, the natural 
frequency of which is the same as that of the transmitt(‘r. If the 
antenna were connected directly to ground as indicated in Fig. 2L4, the 
circuit would be complete and a current would be caused to flow as long 
as energy is radiated by the transmitter. If a sensitive ammeter (thermo- 
galvanometer) were inserted as shown, then this energy reception would 
be made visible, and thus a measage might l>c transmitted between the 
two stations, if the radiated energy is interrupted in accordance with a 
prearranged code. 

This arrangement represents the-simplest possible form of receiver, 
but is never used, except for experimental purposes, owing to the imprac¬ 
ticability of the sensitive ammeter which is required. The antenna would 
probably not be tuned to the frequency of the e.m.f. induced in it, and the 
resultant current would be extremely small, requiring a very sensitive 
instrument for its detection. 



receiving radio signals. 
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It is obvious that this current could be materially increased by so 
adjusting this circuit that its natural frequency is made the same as the 
frequency of the e.m.f. induced in it, i.e., the radio frequency of the 
received signal. This would be most easily accomplished by inserting 
a variable inductance in the circuit, provided the natural frequency of 
the antenna is above that of the incoming energy (a variable condenser 
would be inserted if the received energy has a frequency above that of the 
antenna). However, the current is very small even with the circuit adjusted 
to resonance, and the ammeter would of necessity be of a very delicate 
construction, making it impractical to use. Such an instrument would 
possess considerable resistance, which would still further limit the cur¬ 
rent flowing when the circuit is adjusted to resonance. In addition, 
its indications are 
inherently sluggish, 
and would require 
such a slow speed in 
sending, as to make 
its application for 
receiving purposes 
completely imprac¬ 
tical. The addition 
of a variable induc¬ 
tance or capacity for 
tuning the antenna 
circuit is indicated in 
Fig. 21B. 

Audible Detec¬ 
tion. — In place of 
the above scheme 
of detection, which 
may be termed the visual method, a detector is used which causes the 
incoming energy to produce audible effects. Thus we might substitute 
a telephone receiver in the antenna circuit in place of the ammeter. The 
receiver is described in detail below. (See p. 437.) Briefly, it consists 
of a soft iron diaphragm actuated by current flowing through a winding 
placed on a permanent “ U magnet, the poles of which are placed closely 
adjacent to the diaphragm. An alternation of current of a certain polarity 
thus increases the pull on the diaphragm, whereas the reverse alternation 
will decrease the pull. The diaphragm is thus moved inward and out¬ 
ward, setting up vibrations in the air which are heard as sound by the 
observer. 

The placing of such a receiver in the antenna circuit would, however, 
produce no sound in the phones even though high-frequency current were 



Fi(i. 22. Conventional diagram of current in antenna 
of receiving station; even if such high-frequency cur¬ 
rents could flow through the telephone the diaphragm 
could not move so rapidly. 
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flowing in the antenna. This is due to the fact that the mechanical 
inertia of the diaphragm will not permit it to follow the extremely rapid 
reversals of the radio-frequency current. This reversal would occur at the 
rate of 1,000,000 times per second for a 300-meter wave signal. Also, 
even though it were possible for the diaphragm to respond to this current, 
no sound would be heard, as the frequency would be far above the limit 
of audible frequencies (about 20,000 cycles for young people and 10,000- 
12,000 for adults). The conditions are indicated in the above curves 

(Fig. 22). 

The receiver would also add thousands of ohms impedance to the 
antenna circuit, so that only negligible high-frequency current could flow. 

Application of the Rectifier.^—If we place in the antenna circuit, in 
addition to the phones, some device possessing unilateral conductivity, 
that is, a greater resistance to current flow in one direction than in the 
other, we would obtain a net or cumulative etTect for each wave train, 
since the effect on the diaphragm in the one direction would then exceed 
the effect in the reverse direction. Thus the diaphragm would be given 
a resultant deflection, springing back to its initial position only after the 
wave train had passed. Thus, if 1000 wave trains strike the antenna per 
second (group frequency of transmitter = 1000), the diaphragm would 
impulsed 1000 times pc‘r second, and the observer would hear a 1000-cycle 
note whenever the transmitter radiated energy. These conditions are 
graphically shown in Fig. 23. 1lie amplitude variation of the e.m.f. for 
this figure should Ixi carefully noied. The first cycles of a spark telegraph 
signal is of maximum amplitude in only one circuit of both sending and 
receiving stations, narnel}^, the clos^xl circuit of the transmitter. In all 
other circuits, time^is reejuired to build up the oscillations to their full 
amplitude, due to flui electrical storage of energy which tak(‘s place 
during this [x?riod, just as in setting a mechanical system into oscillation, 
maximum amplitude is not obtained on the first impulse'. (Unless the 
system starts with original distortion, as c.g., a pi'ndulurn held to one 
side and th(*n released, which condition corresponds to that existing in 
the closed circuit of the transmitting set.) 

The complete receiving circuit with the asymmetrical resistance (com¬ 
monly known as a ‘‘ det(*ctor^^), is indicated in Fig. 24. The term 
'‘detector’' is not strictly applicable, for it does not detect, but enables 
the receivers to detect, or make evident to the senscis, the energy that is 
supplied to the telephone receivers. Owing to the high resistance of the 
phones, and the asymmetrical character of the r(*ctifier resistance, this 
circuit is not selective, and it would be difficult to receive except under 
the unusual condition that only energy from the sending station desired 

* For complete discufleion of rectifiers the student should consult “Electric Rectifiers 
and Valves" by GUntherschulze and De Bruyne, John Wiley 6l Sons, Inc. 
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is reaching the antenna. Also the magnitude of the current flowing even 
under the best conditions is very small. For these reasons it is desirable 
and advantageous to connect the detecting apparatus in a separate circuit 
coupled inductively to the antenna by means of coils Li, L 2 , Fig. 25, 
the two forming what is known as the receiving coupler. 

Inductively Coupled Receiver.—With this connection, the primary or 
antenna circuit may be tuned accurately to the frequency of the incoming 
energy, and since all high resistances have been removed, the antenna 
current will attain a maximum value very much greater than possible 
with the preceding arrangements. Therefore the e.m.f. induced in the 
secondary and the resulting current flow will be maximum and the signal 
strongest, although it will still be relatively weak on account of the high 




-E: 
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Fig. 23.--Whon a rortifior is used the antenna current is 
asymmetrical; more flowing in one direction than in the 
other; such a current will ^ive the telephone diaphragm 
one inipuls<^ per wave train. 


F IG. 24. — A possible 
scheme for using tele¬ 
phone and rectifying 
crystal. 


resistances in the second circuit, which diminishes the resultant current. 
This combination of circuits posse.sses some selectivity due to the adjust¬ 
ment of natural frequency po.ssible in the low-resistance antenna circuit. 
To enable the circuit to be tuned over wide ranges of wave length, an 
additional inductance L', known as a “loading” inductance, is inserted 
as shown for very long wave lengths, while the condenser Ci may be cut 
into circuit if it becomes necessary to tune for very short wave lengths. 
This condenser is therefore known as a “shortening” or “short-wave” 
eondenser. 

To increase the selectivity and sensitivity of the set, a tuning condenser 
C 2 is placed across the coil L 2 , giving the final circuit illustrated in 
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Fig. 26, which represents the arrangement most generally used in very 
simple receiving sets. 

Neglecting for the moment the detector and phones connected in 
shunt across the condenser, it is readily seen that we may tune the secon¬ 
dary circuit to resonance with the primary circuit, and thus secure a 
maximum current flow in the circuit L 2 C 2 . Li is generally used for 



Fig. 25. “A receiving scheme using 
two circuits, the secondary l)cing 
untuned. 



Fig. 20. -The ordinary receiving circuit 
using two tuned circuits, telephone in 
series with rectifier being shunted across 
the tuning condenser of the secondary 
circuit. 


rough tuning, while a finer adjustment may he secured by adjusting 
C 2 . Since the e.m.f. set up in the circuit increases with the 

number of turns in L 2 , it is desirable to have this inductance as high as 
possible without involving so much internal capacity action as to diminish 
seriously the selectivity of the set. Similarly, the conden.ser required 
for any wave-length fidjustment should be relativtdy small. Under these 

t 



Fig. 27. Eiaflcntial eleinentfl of the ordinary watch-casc telephone receiver. 


conditions the radio-frequency voltage across the terminals of L 2 and C 2 
(for a given amount of received energy) will be a maximum, and this 
radio-frequency voltage will, in turn, cause a maximum unsymmetrical 
current to flow in the detector-telephone circuit, and therefore maxi¬ 
mum signal strength will be obtained. The action of the phones and 
detector in this circuit is exactly similar to their action illustrated in Fig. 23. 




THE TELEPHONE RECEIVER 


437 


If the resistances involved in the primary and secondary circuits of 
the set are small, then this receiving circuit possesses considerable selectiv¬ 
ity. Undesired signals may be tuned out and the efficiency and operating 
characteristic^3 of the set are very much better than those of the previous 
circuits discussed. 

The Telephone Receiver. —The construction of the telephone receiver 
usually employed for the reception of radio signals, known as the watch- 
case type, is shown in the accompanying sketch. (Fig. 27.) 

It consists essentially, of a permanent magnet My with pole pieces N 
and S, upon which are wound coils consisting of many turns of fine wire, 
through which the audio-fre(iuency pulses of current pass. A diaphragm 
D is placed closely adjacent to the faces of the pole pieces as shown. 
When no signal is being received, this diaphragm is under a constant 
pull or attraction exerted on it by the permanent magnet M, This 
steady pull, which we may call P, is proportional to the square of the 
flux flowing through it and the permanent magnet, i.e., 

P = AW,.(6) 

where 4>, is the steady flux value. 

When the current of proper polarity flows through the winding, the 
flux will be increased proportionately (neglecting saturation effects) or 

= (7) 

wherein i represents current in the winding. 

Therefore tlie total flux is: 

<t>t = <^5+A</) 

~<j>S+K'ly .(8) 

and the total pull under this condition l)ecomes 

P = K<t>r = K{4>,+K'iy 

= A>r>2A7v'<^,?*+/v A'n-.(9) 

The total pull thus consists of three components, one of which is con¬ 
stant (K(t>r) and thus has no effect on the diaphragm vibrational ampli¬ 
tude, while another is proportional to the current variation squared 
(KA'*i“). This term represents a distortional component of double fre¬ 
quency and it is therefore designedly made relatively small. The remain¬ 
ing component of pull is proportional to the current variation (2iCA'</>,t) 
and this component is therefore made as large as possible; the amplitude 
of the diaphragm vibrations will then be proportional to the amplitude 
of the current, variation («) and it will also be directly proportional to the 
flux due to the permanent magnet (<^s). Thus, to make the vibrations 
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of the diaphragm a maximum for a given current variation, K(l>s is de¬ 
signedly made large compared to KK'i^ which means that the flux (0.) 
produced by the permanent magnet is much greater than the flux pro¬ 
duced by the current in the winding (A</)). Under these conditions, dis- 
tortional effects are minimized and maximum amplitude of diaphragm 
vibration and signal strength (sound) for a given signal current ij) secured. 

It is, of course, very important that the deflections of the dia¬ 
phragm follow accurately the value of the force (2KK'<t>si) as, otherwise, 
the sound waves set up by the diaphragm movenumt will be distorted. 
This is an extremely important feature in the design of loud-speakers, 
where the difficulties are even greater because of the larger displacements 
required. 

The d.c. resistance of a receiver such as described above would bo 
about 2000 ohms, as many as 10,000 or more turns of fine wire (about 
No. 40 A. W. G. or smaller) being employed to make up the winding. 
The impedance to an alternating current will, of course, he greater than 

t his, depending on t he f r(‘(|uency of t ho 
current and the (‘ff(‘ctive resistanc(‘ of 
the circuit. At 400 cycles a c(‘rtain 
rec(‘iv(T of t his t yix' had an imp<Mlanc(» 
of 2900 ohms; at 800 cycles an imp('- 
dance of 3900 ohms; and at 1000 
cycles an impedance of 4400 ohms. 

A well-built receiver of 11,000 
turns for currents of the order of I 
microampere shows a resistance (a.e.) 
of about 3000 ohms and a reactance 
of 10,000 ohms. The^te values hold good for currents from 10ampere 
to 10ampcTe and increase som(‘what for currents greater than this. 
In a quiet room this headphone gives an audible signal (at KKK) cycl(*s) 
for a current somewhat less than 10 ampere. This means an input of 
10"** watt. 

The Balanced Armature Receiver. —Another type of receiver more 
recently developed, known sometimes as the Baldwin receiver, poss(\ss^\s the 
advantage that the diaphragm is not initially stressed, and thus may Ix^ 
more responsive and scmsitive to the pull exerted on it by the flux (A0) 
caused by the signal current (i). The construction is indicated b<4ow 
(Fig. 28). 

It is evident that, when no signal is being received, the armature 
being balanced in its neutral position (the flux traversing the gaps a and 
b in the same direction and being equal in value), no pull is exerted on 
the mica diaphragm. If a signal piilsation of current passes through the 
receiver winding, however, it produces a flux, which, combining with the 



Fio. 28.—Rss^'ntial elements of the Bahl- 
win balanced-armature telephone re¬ 
ceiver. 
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permanoni flux results in an asymmetrical distribution of the flux, causing 
a force to be exerted on the armature and thus on the diaphragm.^ 

Other advantages claimed for this type of receiver in addition to the 
one mentioned above, are: 

(1) The magnetic circuit is of low reluctance and thus small signal 
currents will produce relatively greater fluxes and greater forces. 

(2) The armature is similar in its mounting to a lever, with a force 
acting at each ('iid. The diaphragm may be attached to the oscillating 
armature at any desired point near the outer end, as shown in Fig. 28, or 
near the center. When the diaphragm is large the latter arrangement is 
g(aierally best. 

It is to be noted that this device is not truly balanced (when no signal 
is I)eing received) in the case of detectors where the initial current is not 
zero, as in the vacuum tube, and crystal equipped with polarizing battery. 
The pull due to (his current, however, is extremely light, compared to 
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Phl 29 . Tlio ciiruit of an imjirovod toloplione receiver; the pole pieces are of 

laiiunated iron. 


the heavy pull exerted by tlu' pc'rmanent magnet in the usual type of 
construction, and the diaphragm may l^e considered as essentially im- 
stressc'd. 

The Seibt Receiver. —The sensitiveness of receivers of the electro- 
ir.agnetic tyix' may b(‘ improved by decreasing the reluctance of the path 
which the a.c. flux will traverse, and also by laminating the material used 
in that path, th(‘reby reducing eddy currents and counter m.m.f.s. This 
is accomplisheil in th(‘ Seibt “ phone as shown in Fig. 29B, Fig. 29.4 
shows the usual design for comparison. 

The reluctance of the a.c. flux path is much reduced by the extensions 
a a on the pole pitres. These may not be extended too far, however, 
as the pi'rmanent flux would then l>e by-passed and not traverse the 

^Thc atudont is rcfcrml to K. I. Bucher, “Practical Wireless Telegraphy,'* p. 168, 
for more dctaileil description. 

* “telephone Bwanver of Increascnl Sensitivity," G. Seibt, E.T.Z., March 2, 1922. 
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diaphragm. This construction, it is stated, more than doubles the dia¬ 
phragm vibration for a given strength of signal. It also acts to make 
the magnet more permanent. 

In consideration of the above, it is obvious that no closed conducting 
paths should be linked with the path of the a.c. flux. Thus metallic coil 
spools or collars would act as closed circuit secondary windings, setting up 
a counter m.m.f. to the primary m.m.f. and diminishing the efficiency of 
the telephones. 

By the addition of auxiliary equipment, the telephone receiver may 
be converted to a visio instead of an audio detector.^ Thus the diaphragm 

of a sensitive telephone re¬ 
ceiver, carrying a few micro¬ 
amperes of 1000 cycles alter¬ 
nating current, may be opti¬ 
cally* magnified by means of 
a mechanical device, and so 
measured and recorded on a 
moving film. The visible 
indications offer a decided 
advantage in certain measure¬ 
ment s, viz., comparing the 
relative strength of signals. 

Thermophone.—By util¬ 
izing a number of very fine 
wires, 0.001 to 0.0015 mm. 
in diameter, through which 
the receiv(*r current is caused 
to flow, the temperature of 
the wires will follow almost 
instantaneously the varia¬ 
tions in receiver current. 
This tempfjrature, in turn, 
causers the motion of a small 
column of air which is heated by the wires, and the motion of this air column 
sets up sound waves reproducing the received speech. 

This device, which has had only laboratory application jis yet, is stated 
to have no inherent distorting characteristics, i.e., the sound waves truly 
follow the receiver current variations.* This is said to be due to the absence 
of the diaphragm required on other types. The column of air used in the 
device possesses a natural frequency of 8000 to 10,000 cycles per second, 
which is well beyond the normal range of speech vibrations. 

* “Photographic Recording and Measurement of Riidio-Telegraph Signals,” King, 
Royal Society, Canada, Trans., p. 143, 1921. 



Fig. 30.—Characteristic curves of a carborundum 
rectifying crystal, using a fine steel jx^int for 
making contact. The maximum rectifying action 
occurs when a {xjlarizing voltage of alxiut 1.2 
volts is used. 
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Characteristics of Crystal Rectifiers. —The unilateral conductivity 
possessed by various crystals is shown by the following curves (Figs. 30 
to 33, inclusive). These curves indicate the relatively large currents 
obtained when e.m.f. of various values and of a given polarity are impressed 
across the rectifier circuit and the comparatively small (sometimes negli¬ 
gible) currents obtained when the e.m.f.s are reversed. These curves 
represent the d.c. characteristics of the crystals in contradistinction to 
the a.c. characteristics discussed below, and are obtained by means of 
the experimental circuit indicated in Fig. 34 (Insert A). 



Fiq. 31.—Charartoristic (if a roctifviiiK jioint on a galena crystal; the a.C. 

resistaiHX' is high, a tlesirable characteristic. 


Fig. 30 illustrates the characteristics obtained for a carborundum 
(silicon carbide) crystal. The curve is interesting tis it illustrates the 
function of the local battery sometimes used in series with the detector 
and phones, and known a^ a polarizing batter 3 ^ The connection of 
this battery in the detector circuit is illustrated below (Fig. 33). 

It is evident that with any detector the greatest asymmetrical effect 
(and thus maximum signal strength) will be obtained, if we adjust the 
crystal to operate at the point of maximum curvature. In the case 
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of the curve considered, this does not occur at the zero voltage value 
but at +1.25 volts approximately. Therefore, the local battery poten¬ 
tiometer would be adjusted to impress an iniiial voltage of+1.25 volts 
on the crystal. Under these conditions the signal voltage impressed on 
the potentiometer, detector, and phones in series, would vary t he current 
above and below the initial value (indicated by i in Tig. 30) and a 
maximum asymmetrical current would thus be secured. 

The “d.c. characteristic” is also indicated on tlie figure for a poor 
rectifying point (dotted curve), which indicates that with this adjust¬ 
ment, the asymmetrical effect of the ciystal is practically nil, and the 



Fia. 32.—Characteristic curves of a •* IVrikon” 
rectifier, utilizing the contact betwe(‘n zinc¬ 
ite and chalcopyrite. 


resistance of a uniformly high 
value. 

Fig. 31 shows the character¬ 
istic curve of a carefully selected 
point on a galena crystal. This 
point indicat(‘s very good recti¬ 
fication for very low voltages; 
it is well known that galena 
is a good d(‘tector for weak 



Fi(;.33. - Scheme of using such a crystal 
ascarlxirundurn in a n'ctaving circuit. 
3 lie best rectifying action is obtained 
by suitalile adjustment of the j><)- 
tentiornetcr on the polarizing bat¬ 
tery. 


signals. Not only does it rectify well, but the point has a high a.c. resis¬ 
tance, so that the selectivity of the receiving circuit is not sp)oil(‘d when the 
crystal is connected in shunt with the tuning cond(‘ns(‘r. The a.c. resistance' 
of a crystal contact depends upon the signal strength, Ix'ing lower for more 
intense signals. For weak signals this galena crystal shows a resistance 
of about 500,000 ohms. 

Fig. 32 illustrates characteristics obtained with a combination of 
two crystals, zincite (red oxide of zinc) and chalcopyrite (iron-copper 
sulphide), which differs from the preceding cases in which a sharp m(dallic 
point is placed in light contact with the crystal. The curves indicate 
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that considerable rectification will be secured even if operating on a poor 
point. This would make the combination desirable for use where adjust¬ 
ments may be frequent, due to vibrations or similar disturbances, which 
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may be present, as in the case of portable receiving equipment and stations 
on shipboard. 

The asymmetrical effect of the detectors described above, when an 
alternating potential is impressed across the circuit in which they are 
connected is indicated by the curves (using a zincite-chalcopyrite detector) 
shown in Fig. 34. The experimental circuit used is shown in Fig. 34 
(Insert B). Both the d.c. and a.c. characteristics are indicated, the former 
being plotted between the d.c. voltage and corresponding current as 
heretofore, while the latter is plotted between the effective a.c. voltage 
and the d.c. component of the rectified alternating current, as read by the 
same d.c. ammeter used in obtaining the d.c. characteristic.'^ The 
instantaneous values of the current flowing in the detector circuit when a 
sine wave e.m.f. is impressed have been plotted in Fig. 35 wherein the 
corresponding voltage values are also indicated. It should be noticed 
that the negative alternations of the current are practically negligible 
in amplitude, while the positive alternations are not of sine-wave form 
but considerably more peaked, owing to the variation in detector resis¬ 
tance, which decreases as the current increases. 

This current may be graphically re.solved into its d.c. and a.c. com¬ 
ponents as shown in the figure. The latter component will not affect the 
d.c. ammeter, the deflection of which is proportional to the magnitude 
of the d.c. component only, the value J which it indicates. Thus, 
for an effective a.c. voltage of 1.41 volt.s, Fig. 34 (maximum value equal 
to 2 volts as shown in Fig. 35), the reading of the ammeter is 2 milli- 
amperes, which is the magnitude of the d.c. component as indicated in 
Fig. 35. Thus the curve obtained from the a.c. test indicates the d.c. com¬ 
ponent plotted to various corresponding a.c. voltages as indicated by 
the curve in Fig. 34. 

The in.sert curve in Fig. 34 illustrates the a.c. and d.c. character¬ 
istics to a magnified scale in the region of the zero voltage point. It is 
interesting and important to observe that this d.c. characteristic indicates 
satisfactory rectification, for very small voltage values, such as would 
exist acro.ss the detector-phone circuit under normal conditions, although 
the more extended curve (main curve of Fig. 34) would seem to indicate that 
for small voltage variations, a polarizing e.m.f. of about -fO.25 volt would 
be desirable. The.se data demonstrate the fact that if the characteristic 
curves are to be considered reliable, and truly indicative of what the recti¬ 
fier will do in its application to radio signal reception, it is desirable to 
investigate them for low values of impressed voltages and not carry them 
out to voltage values as large as 2 volts, a magnitude practically never 
encountered in normal radio reception using heati phones. 

Desirable Characteristics of Crystal Rectifiers.—Crystal detectors or 
rectifiers should possess the following qualities: 
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1. They should be mechanically rugged and well constructed. This 
means that they should be able to hold their adjustment and not be easily 
disturbed. These arc especially desirable characteristics in field or marine 
sets, where jarring or vibration is likely to be present. 

2. The crystals should be sensitive, that is, should possess good recti- 
fying properties, if their setting is properly adjusted. Too great a sen¬ 
sibility is not desirable as satisfactory adjustment is usually obtained with 
difficulty. Also it may be difficult to retain the sensitive adjustment. 

3. The crystal should be easily adjusted. It is a distinct disadvantage 
if any marked difficulty is found in adjusting the setting for good reception. 



Jis valuable time may be lost in this way if a signal is coming in and the 
detector not ojxTating projx'rly. 

4. The crystal should possess self-protecting characteristics to pre¬ 
vent itself from being '' burned out and the setting destroj^d, if abnor¬ 
mally powerful energy radiations are received, such as static and other 
atmospheric disturbances. 

A complete explanation for the asymmetrical conductivity of two dis¬ 
similar crystals in contact, or a crystal in contact with a metal point has 
not yet been advanced. It may Ix' due, in part, to the thermoelectric 
effects produced by the heating of the junction when the detector is 
carrying current.* The rectifying projx'rties have also been considered 
» W. H. Ecclcs, Proc. Phys. Soc., London, Vol. 25, p. 273, June, 1913. 
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as being due to electrolytic action, which occurs at the surface of the 
crystal.^ A more likely explanation, however, is based on the surface 
work for electron evaporation from the two crystals; if the “surface 
works are different, the contact point must offer asymmetrical resistance.- 
Application of the Bridging Condenser.—It will b(‘ recalled that the 
telephone receiver possesses considerable impedance for a lOOO-cycle alter¬ 
nating current. It might seem that it 
would be impossible to send a radio-fre¬ 
quency current through the phone circuit, 
and this would be the case \\(‘re it not 
for the distributed capacity which is 
associated with the windings in the phone, 
and the phone cords. This capacity is 
in shunt with the telephone windings, and is represented by the fictitious 
condenser, C“, in Fig. 36. 

The current may then be considered to divide in the circuit shown 
in Fig. 37, the radio-fre(iuency component passing through the distributed 
capacity, which has a relatively low impedance to high-fn‘(iueney current, 
while the audio-frequency component flows through the phone windings. 



I'lG. 37.—Currents in the l)ranehe<I eireuit shown in Fij^. 40. 



Fig. 36.—Use of a “bridgini^” con¬ 
denser in parallel with receiver. 


Normally, however, the distributed capacity of the phone cords, etc., 
is only a few micro-microfarads in value and is not large enough to supply 
a sufficiently low impedance by-path for the high-frequency component. 
It is therefore usual to connect additional capacity across the phones, 
^ R. H. Goddard, Physical Review, Vol. 34, 1912. 

*It is to be noted that any explanation must be able to take care of the fact that 
certain crystals rectify in one direction for low voltages, and in the opposite direction 
for higher voltages, not rectifying at all for sc^me intermediate voltage. 
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as shown in Fig. 36, condenser C. This additional capacity is known as a 
bridging condenser, or by-pass condenser, and may have a value of approx¬ 
imately 5000 iijjLf. A low impedance path for the high-frequency com¬ 
ponent is thus supplied, thus permitting a larger fraction of the high- 
frequency signal voltage to act across the rectifying crystal and hence 
increasing its rectifying efficiency. This, in turn, increases the amplitude 
of th(^ audio-frequency component flowing through the phones and the 
strength of the rec(‘ived signal is thereby increased. 

The bridging condenser is sometimes considered as a capacity which 
receives a cumulative charge during the passage of a wave train, due to 
the asymmetrical conductivity of the rectifier, comparatively little cur¬ 
rent passing through the phones. When the wave train has passed this 
condenser discharg(‘s through the phones, since it cannot discharge back 
through the detector, due to high resistance in this circuit. This unidirec¬ 
tional discharge passes through the phone winding as a current pulse equiv- 
al(uit to the d.c. component previously described. Thus one click is 
produced in the phones per wave train, and the observer hears a note of 
audio-fre(}uency pitch as previously described. 

An additional eff(‘ct of the bridging condenser is that it lowers the 
resonant fnMjmuicy of the windings and associated capacity, which repre¬ 
sent a multipl(‘-n‘S()nance circuit. The average of forty pairs of phones 
(watch-cas(* typ(‘) showcvl 

L = 1.73 henries 

C = 10“^^^ farad (cord capacity). 

These constants give a resonant frequency of about cycles per 
second. The addition of a oOOO mm/ bridging condenser lowers this to 
l.oXlO'^ or much nearer the value 10'^ cycles per second, which represents 
(he usual audio fnHiueiicy used in radio telegraphy. This latter feature 
is of no value in connection with radiophone reception; in fact it would 
constitute a disadvantage to have the circuit sharply selective to any one 
audio frequency, as distortion would result. The selectivity in this case 
is not sharp, howev(T, i)ecause of the high resistance involved. 

The above n'lat ions were indicated in a general way in Fig.93, Chapter I. 
The curves then' given indicate the receiver characteristics with no bridg¬ 
ing condenser coniu'cted. 

Vacuum-tube Detector. —The crystal rectifier has been practically 
superseded by the three-electrode vacuum tube because of the latter’s 
greater sensitivity, reliability, and ease of adjustment. The action of the 
tube is discussed in detail in Chapter VI, to which the reader is referred for a 
full explanation of its rectifying action. One advantage of the tube over 
the crystal lies in the fact that its rectifying ability is measured by the 
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accuracy of its design and construction, while that of the crystal is an 
inherent property of the substance, and cannot be altered or improved. 
With the latter, the best'' point of operation is determined experi¬ 
mentally and may or may not represent the best performance of which the 
crystal is capable. On the other hand, the tube may be accurately and 
definitely adjusted for best operation, which as already stated, exceeds that 
of the best crystal rectifiers. 

Audibility and Selectivity.—The receiving circuit for a spark set 
has already been studied on p. 436, and it now remains to discuss the 
characteristics of such a circuit and the adjustments necessary to secure 
the best results. Before doing this, however, we must define two quan¬ 
tities, upon which the comparison of receiving systems is based, i.e.: 
audibility ” and “ selectivity.” 

Audibility ” may bo defined as the ratio of the audio current flow¬ 
ing through the telephone receivers to that which is necessary to make 
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(d) Phones alone (6) Phones shunted 

Fig. .‘5S. Circuit for makinj]^ audibility test. 


the signals just audible. To speak of a receiving circuit having an audi¬ 
bility of, say, 20, means that the current in the receiving circuit is twenty 
times that which is just nece.ssary to produce a just audible signal. 

The relative strength of signal or “ audibility ” as it is defined above, 
is most conveniently determined by means of an audibility meter, which 
is merely a calibrated resistance placed in shunt with the telephone receiver. 
The signal is first listened to with no resistance shunted across the phones. 
Resistance is then connected in and decreased until the signal is just 
audible. The audibility is then. 


Aud. 


Im\a Hah 


Rp-\-R^h 
Rah ^ 


where 

= phone resistance in ohms; 
shunt resistance in ohms for just audible signal; 
current through phones without shunting resistance; 

/iDto. * current through phones with shunting resistance connected. 


(10) 
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The above expression assumes that the total current, and resistance in 
the detector circuit, remain constant as the shunt resistance is varied. 
We must thus insert a series resistance {Rx) as the shunt resistance (fia) 
decreases. The equivalent circuits are shown in Fig. 38. 


Then 


or 


as given above. 



For R total to remain constant, we must have: 


and 

or 




RzRp-\- R xR sh+R >hR p = Rp^ + RpRah^ 


Rx = 


Rp-\-R,h 


( 11 ) 


Thus, for a given phone resistance, a definite 
relation exists between Rx and R,h. An audi¬ 
bility meter is, therefore, designed for a certain 
phone resistance and only phones of this resis¬ 
tance should be used with it. Fig. 39 shows the 
internal connections of an audibility meter. 

Rx and Rah are tapped to a double row of 
dial buttons traversed by a single contact arm. 
Each position of the arm thus corresponds to a 
definite “ audibility ” value. The instrument is 
not very accurate, its setting depending largely 
on the observer’s acuteness of hearing. This 
varies greatly with conditions such as room noise, 
condition of health, length of time operator has 
been listening, etc. Visual measurements, using 
sensitive thermo-galvanometers, posa'ss greater 
accuracy but require more skill and time than 


Detector 



Phones (Rp) 


Fig. 39.—Arrangement of 
resistances in the audi¬ 
bility meter. 


is usually justified. 

The audibility as defined above is directly proportional to the current 
in the receiving antenna and, for weak couplings, siiy less than 5 per 
cent, inversely to the coupling coefficient between the receiving antenna 
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circuit and the receiving closed circuit. Again, for short distances the 
receiving antenna current may be shown to vary as follows: 


/rOC 


IshX 
R\d ' 


( 12 ) 


where /r = receiving antenna current; 

/, = transmitting antenna current; 

hr and = height of receiving and transmitting antenna, respectively; 

= effective resistance of the receiving antenna, including the 
resistance due to the c1os(h1 circuit being coupled to it; 
d = distance between the two antennas. 

From the above it follows that, if the coupling Ix'tween antenna and 
closed tuned circuit is very loose (generally the case in practice) 


where 


Ir IXhr 

a (x -~(x -, 

k R\dk' 


(i:5) 


a = audibility; ‘ 

A: = coupling coefficient between receiving antenna circuit and the 
receiving closed circuit. 


Selectivity of a receiving system may be defined as the ratio of th(' 
natural wave length of the transmitting and n'ceiving antenna (‘irc\iits 
to the difference betwecai this wave length and th(‘ lengtl) of some oth(‘r 
wave which (of same field intensity as signal wav(‘) will give a response 
just audible. Thus, if: 

Xn = natural wave length of the two antenna circuits; 

Xa = length of vyuve (of same field intensity as signal wav(‘) which 
will give a just audibh* response* in the* t(‘leph()ne receivers. 

S = selectivity. 


Then: 



It will be seen that selectivity is a measure of how little the reception 
of signals from a certain transmitting station will be interfenal with by 
the presence of electromagnetic waves of a diffcTent wav(* length emanating 
from other stations. Thus if X„ = X„, a condition impossible to realize, then. 



* This formula is approximate only; actually the au(]il)ility docs not vary inversely 
with R because the detector efficiency is involved in the rna^^nitude of R. Tor a theo¬ 
retical discussion of the best coupling]; for detectors of difTcrent tyiK^s the reader is 
referred to Chapter XV of Pierce's “Electric Oscillations and Electric Waves.” 
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or the selectivity is infinitely large, and no interference will be registered 
at the receiving station.’ 

It may b(^ shown that when the transmitting and receiving systems are 
tuned, selectivity is affect( m 1 by the sum of the decrements of the trans¬ 
mitting and receiving s^^stems - and also by the audibility of the receiving 



Kio. 40. "Showing that maximum signal may t)e obtained when connecting the rectifier- 
j)honc circuit across only part of the tuning inductance. 


circuit (in so far as this is affected by A'), approximately as shown by the 
following formula: 


S = (iX 


1 I 

rT.T>< ^ 

(I 


(15) 


»For a comprehensive treatment of the selectivity of a receiving system, see “ Behav¬ 
iors of ILidio Receiving Systems to Signals and Interference,’’ by Peters, Journal 
A. LEE. 

* See Chapter III, pp. 351-354. 
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where 

= a constant ; 

6i and 5r = decrements of transmitting and receiving circuits, respec¬ 
tively ; 

a = audibility. 
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Practically no selectivity can be obtained with the transmitting and 
receiving systems out of tune. 

When making the adjustments of a receiving set the aim should be 
to obtain the maximum selectivity compatible with a reasonable audi¬ 
bility; but it must be borne in mind that these two quantities are inversely 
proportional to each other and that, in general, a high audibility means 
a low selectivity, and vice versa, as shown by the formula above. 



Fia. 42.— Front view of the set sliown in Fig. 41. 


Proper Connection of Rectifier.—In such a circuit as that of Fig. 26 
it will frequently be found th:»t the signtd has gretitest intensity when the 
rectifier is not connected across the entire tuning coil of the secondary 
circuit, but across only a piece of it. The resistance (a.c.) of the rectifier 
decreases as the impress'd voltage is increased, resulting in compara¬ 
tively poor selectivity if the crystal is connected across the whole coil. 
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The proper proportion of the coil to use for the rectifier connection depends 
upon its resistance, being greater as the resistance is greater. A typical 
illustration of this effect is shown in Fig. 40, in which case best signal was 
had when the rectifier was connected across only 15 per cent of the coil. 

Arrangement of Apparatus of a Spark Set. —The various parts reciuired 
for a spark transmitting set are generally assembled in compact form; in the 
case of a low-powered outfit practically all the apparatus, with the excep¬ 
tion of the hand key for sending, may be mounted directly on a panel. A 
neat design for a 500-watt, quenched-spark transmitter is shown in Figs. 
41 and 42; the legends on the cuts make them self-explanatory. 'I’he 
larger land stations of course recjuire large switch l)oards and auxiliary 
apparatus; in fact the outfit really comprises a complete isolated power 
plant equipment. 



CHAPTER VI 


VACUUM TUBES AND THEIR OPERATION IN TYPICAL CIRCUITS 

Constitution of a Conductor. Possibility of Electron Emission.—As 

outlined in Chapter I, a conductor is made of atoms (or molecules) with 
some of the electrons free from atoms, moving back and forth, from one 
atom to another. Unless the conductor is at absolute zero temperature 
its atoms are constantly in a state of agitation, having non-coordinated 
motions in all directions. The free ek^ctroiis share the motion of the atoms, 
and due to their comparatively small mass (about 1/200,000 that of the 
tungsten atom) th(‘ir average velocity is very much greater than that of 
the atoms. 

Now the atoms of a metal tend to separate from each other at high 
temperatures or, we may say, the mcMal tends to evaporate just as water 
evaporates at ordinary t(Mnperatures. We must imagine the surface ten¬ 
sion of a metal great enough to prevent appreciable evaporation at ordinary 
temperature; the velocity of motion of the atoms is not sufficient to carry 
them througli this surfac(‘ tcaision. With very high temperatures, how^- 
ever, those atoms having the highest velocity break through the surface 
t(‘nsion and so start tlu* process of vaporization, which becomes more and 
more rapid as the tcanperature rises. 'Vo accomplish actually the vapor¬ 
ization of the ordinary metal retpiin's that the heating be done in vacuum, 
otherwise oxidation generally occurs instead. The number of atoms 
evaporated from a given surface depends upon the temperature and the 
latent heat of evaporation of the metal being tested. 

Now it seems quite likc'ly that if, when the atoms acquire a high velocity 
they are able to break through the surface tension of the metal the electrons 
can do the same thing, hence we get tlie idea of elecfrotis cvaporatirig} 
This evaporation of tlu' electrons will take place at lower temperature 
than that of the atoms of the^etal itself because of the higher average 
velocity of the electrons. 

It is possible to abstract ek'ctrons from metals by other means than 
heat, but not so effectively. CVrtain of the alkali metals give off electrons 
when light strikes them. The surface must be chemically clean, and 
such a surface is generally obtained by distilling the metal into a highly 
evacuated bulb. When light waves strike such a surface electrons are 

* See O. W. Richardson’s book, “The Emission of Electricity from Hot Bodies.’’ 
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liberated, their number being proportional to the intensity of the light. 
This action makes possible the photoelectric celly which has great importance 
in picture transmission, by wire or radio, and in talking films. 

If a metal surface is bombarded by higli-speed electrons, other electrons 

are “ splashed out oi the surface 
where the high-speed one strikes; 
this phenomenon is called sec¬ 
ondary emission. The number 
of elect rons splashed out depends 
upon t he sp('ed of the bombarding 
electron, as many as five being 
ejected from the metal surface 
by the impact of only one 
electron, if this is traveling at 
high spc'od. 

If extremely high-voltage 
gra<li(‘nts are impressed upon an 
electrode (1,()()(),000 volts or 
more per cm.) it seems that elec¬ 
trons are pulled out of the metal even at room temjXTature. Just how 
much of this effect is due to ionization which must be present when such 
very high potential gradients are used is not known. Some gas must 
always be present in a tube no matter how highly it is exhausted, and this gas 
is of course ionized. In that case 
the bombardment idea of the pre¬ 
ceding paragraph might be con¬ 
sidered as an explanation. 

For many years tlie possibility 
of pulling electrons out of cold met¬ 
als was in dispute; some experi¬ 
menters reported positive results 
and some negative, \^’hen it is re- 
memljered that the highcvst attain¬ 
able vacuum there are still many 
millions of gas molecules pf?r cul>ic 
centimeter still presemt, it will l>e 
evident that even if current is ob¬ 
tained, its origin may well l3e ques¬ 
tioned. Apparently reliable results are reported by Piorsol,* and two of 
his curves are reproduced in Figs. 1 and 2. Apparently, with a gradient 
at the surface of the tungsten filament of about 10*^ volts pfT centimeter, 
he obtained reproducible currents of the order of microamperes. Such 
* Phys. Rev., March, 1928, p. 441. 



1.5 1.6 1.7 l.« 1.9 2.0 2.1 2.2 2.3 2.4x10® 

f’olcntia! at Hurfaro of filament, voltn/cm. 

Filament previouHly outKiiHfird for 3 hours at i!700'’K. 
Test ut :joo K. 

Fig. 2.—When tho filiimcnt of Fig. 1 had 
iwfa <)wtgaH.s<Ml it nMjiiinnl more tlian twice 
a.s Iiigh a i><)tcntial gradient to get the 
same currt'nt. 



Potential gradient at surface of filament, volts/om. 
Filament not out^assecl Readintj: at 30o K 


Fig. 1. —Electron current from a filament at 
room temperature. The filament had not 
been outgjussed, and the iK)tential gradients 
required were less than 10* volts |K*r cm. 
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currents are of great theoretical interest but have no practical applica¬ 
tion as yet, because much larger currents are readily attainable when 
the emitting surface is sufficiently heated. 

Theoretical Prediction of the Number of Electrons Emitted from a 
Hot Body, —The number of atoms (or molecules) of an ordinary liquid 
which evaporate was known to vary with the latent heat of evaporation 
of the substance and temperature according to the equation 

where A^ = number of atoms evaporating per second per square centimeter 
of surface; 

r = absolute temperature, on the Centigrade scale ordinarily called 
degrees K(‘lvin; 
a = latent heat of evaporation; 

A =a constant. 

Richardson was the first to draw an analogy Ix^tween the evaporation 
of atoms and possible evaporation of (dectrons from a hot metal. Reason¬ 
ing from the above equation he came to the conclusion that the number 
of electrons evaporating per second (current) could \ye expressed by the 
equation 

i=„VTr^f .( 1 ) 

in which i = current of emissi{)n per square centimeter of hot surface; 

2" = absolute temi)erature of hot metal; 

5 = latent heat of evaporation of electrons = 105,000; 
a = a constant. 

More recent workers giv(' a formula of somewhat different form—thus 
Dushman * regards it mon* reasonable to write the relation in another 
fonn (also due to Richardson), namely, 

f = .(2) 

in which i = amperes of current per scpiare centimeter of hot surface; 

T = degrees Kelvin (absolute Centigrade); 

A = a universal con.stant; it varies somewhat with the method of 
derivation, but is between 50 and 60; 
b{) —({){)€/k in which 
e = electron charge; 
k = Bolt zmann\s const ant; 

= Richardson’s work function. 

‘ "‘Electron Emission from Metals aa a Function of Tomf)erature/’ Phys. Rev., Vol. 
21, No. t), June, 1923. 
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The value of 0o, in volts has been deterniined accurately for some of the 
metals, notably: platinum (6.27), tungsten (4.52), thorium (3.35), 
molybdenum (4.4l\ tantalum (4.07), calcium (2.24), and caesium (1.81). 
In general, the values are lower the larger the atomic number. 

It might seem that Richardson's equation and Eq. (2) could not pos¬ 
sibly represent similar curves, one involving and the other T^. How¬ 
ever, the two equations plot to m^arly the same form, because the exponen¬ 
tial term really controls the form of the curve. 

As this predicted current was due to the thermal activity of the emit¬ 
ting surface Richardson suggesteil tlie term thermionic current^ a name 
which is at pre.sent used to some extent; the term electron current is also 
used, but this is really not distinctive, becau.se all currents, arising from 
whatsoever cause, are due to tlu^ flow of electrons. 

Dubridge reports ^ that lu* finds \ \\o photoelectric work function and the 
thermionic work function for platinum the .same, that is, it requires the 
same amount of work to pull out an electron whether this is done by 
light energy or heat energy, lie finds that Du.shman’s A (Kq. 2) is by 
no means a universal constant; on .'several carefully outgassed specimens 
of platinum he found A to i>e 200 times as much as Du.shman asvsumes. 

The emi.s.sion of eU'Ctrons predicted by lap (2) would give currents 
from a heated tungsten filament about as shown in Fig. 3; it is evident 
that ver>^ large currents might Ix' expected from a tungsten filament at 
temperatures well within th(‘ .safe o|K‘rating region.- Of course, ordi¬ 
narily there is no current of such magnitude du(‘ to emitted electrons; 
although the nurnlxT of (‘h^ctnuis indicat(*d in Fig. 3 is really emitted, 
they at once re-(uiter the surface .so that on th(‘ whoh‘ there are no electrons 
leaving the hot sui’Cace. As .soon as an (‘lectron l(‘aves the filament it 
(the filament) is leff charged positively and .so attracts the emitted elec¬ 
tron; thus there are as many el(‘ctron.s falling back into the filament as 
are exp(41ed by the internal tlu'nnal agitation. 

Suppose, however, that there is, clos<‘ to the heated filament, a posi¬ 
tively charged metal plate; an expelled electron will have two forces 
acting on it, one tending to mak(‘ it fall back into the filament, and the 
other pulling it toward the po.sitively chargfal plate. Which force has 
the prepond(‘rating effect will depemd, of course, ujx)n the value of the 
positive plate fxitenlial; if this is made sufficiently high, all the electrons 
emitted from the* hot surface will lie drawn to the plate, none of them 
re-entering the hot emitting surface. 

‘Phys. lUw., Feb., 1928, p. 236. 

*The meltinj^qK^int for tun^Hten i.s .3270'^ C.; reekoning the safe operating temper¬ 
ature a« that which gives the filament 2(KX) hours' life, the safe temperature increases 
somewhat with the <Jiameter of the filament, being jierhaps 2200° C. for a filament 0.01 
'im. diameter iind 2300° C. for one 0.04 cm. diameter. 
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The value of the current under this condition is called the saturation 
current] this value of current measured for different filament temper¬ 
atures should satisfy Richardson\s equation because all the electrons 
emitted go over to the plate. 

As early as 1902 Richardson published experimental results confirm¬ 
ing his theory. Many other experimenters published results seemingly 
contradicting the relations given in Eq. (1), and for several years Richard¬ 
son’s theory was the subject of dispute. 

It seems that very minor changes in the amount of gas ^ in the 
tube used, or the condition of the surface of the hot metal, completely 
nullified the results obtained, 
and such has been found to be 
the case. H. A. W ilson found, 
e.g., that the emission from 
a hot platinum filament might 
be reduced to 1/250,000 of 
its normal amount by first 
heating the filaimait in oxy¬ 
gen or boiling it in nitric acid; 
also he found that the pres¬ 
ence of a slight amount of hy¬ 
drogen around the heated 
filament completely destroyed 
th(‘ effects of the oxygen and 
nitric acid. On the other 
hand, it is found that the 
electron emission from tung¬ 
sten is very much incr(\ased 
by such an impurity as tho¬ 
rium; if a small |X'rcentage 
of thorium is present in a 
tungsten filament the emission is many times as great as though pure 
tungsten were uschI. 

As a result of W ilson’s experiment it was evident that the condition 
of the hot surface was of utmost importance in determining the emission; 
the layer of oxygen-filled platinum on the surface practicall}" prevented 
emission. Yet a year afterward W’ehnelt showed that if a platinum 
filament was coated with lime (calcium oxide) the emission of electrons 
at a given tcanperaturc was vastly greater than from the platinum 
itself. 

Langmuir’s experiments, performed with tungsten filaments in ex¬ 
tremely high vacuum, proved without doubt the truth of Richardson’s 

‘ See article by Lockrow, Phys. Rev., Feb., 1922, for effect of gas on emission. 



Fig. 3. Thcomtical values of current due 
to ol(H*tron emission from a pure tungsten 
til.unont. 
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prediction and indicated that the various experimenters whose tests had 
showed the opposite had not Ix'en careful enough in the manipulation 
of their experiments and in the interpretation of the results. He found 
that the higher the vacuum the more consistently did experiment and 
theory agree, whereas others had concluded that gas was absolutely essen¬ 
tial if the thermionic current was to be obtained. In one of Langmuir's 
tests he showed that the presence of only 0.000001 mm. pressure of oxygen 
was sufficient practically to stop the emission of electrons from a hot tung¬ 
sten filament. It seems then that the condition of the surface of the hot 
electrode affects the emission of electrons much as the evaporation of 
water is prevented by covering the surface with a thin layer of oil or 
similar substance. 

Distribution of Electrons near the Surface of a Hot Metal.—In Fig. 4 
is shown, in rather crude fashion, the manner in which the electrons are 
concentrated near the surface of a hot boily, the thre(' figures being for 
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Fici. 4. -Conventional diagram to represent th(* distribution of eleetrons near the 
surfat'c* of a hot rnetal, for increasing t<*inperaturo. 


temperatures of perhaps 2100^, 2.‘100^, and 2ni)i)^ absolute temperature. 
In (a) but few electrons ar(‘ coming off and tlu'se have such a low 
velocity that they are pulled back into th(‘ tungstcui Ixdore they have 
moved out from the tungsten pi^rhaps 0.001 cm. In (6) more electrons 
are emitted and their rnejin velocity has incnni.sc‘d so that more of them 
move farther away from the surface Ix^fore falling back. In (c) is shown a 
much den.ser electron atmosph(*re near the surface and also cxt(‘nding 
to considerable distance from the tungsten surface. In one tungsten fila¬ 
ment tube tested by the author it was found that at normal operating 
temperature only 1/8000 of the electrons ernittcxl reached a distance 0.15 
cm. from the hot filament, most of them never going very far (perhaps 
0.001 cm) from the surface*. 

In Fig. 5 is shown a wd of curves corresponding to the conditions 
given for Fig. 4, the area under each curve gives the number of electrons 
emitted from the filament and the form of the curve illustratf^s how the 
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number of electrons having a given velocity changes as the temperature 
is increased. At temperature Ti, but few electrons are emitted and they 
have on the average a low velocity, practically none having a velocity 
greater than Fi; at temperature T^j many more electrons come off and 
on the average they have a higher velocity; the same effect, but more of 
it, is shown for the highest temperature Tz- 

Some idea of the velocity with which these electrons leave the surface 
of the tungsten can be easily obtained. From certain experiments we 
know that an electron must fall freely through a potential difference of 
about 4 volts, before it gains sufficient energy to break through the “ sur¬ 
face tension ” or surface constraint ” of the average metal such as 



Vi 


’Z 



1 ^ 2 
Velocity of ciiiissinu in 

Fiu. 5.- Volority distrihution for cloctrons omitted from hot tungsten, for three 

dilTeront temperatures. 

tungsten, tantalum, or molybdenum. If we use the relation that, in any 
accelerating system, 

Potential eiu'rgy lost = kinetic energy gained 

we put 

Ve = \mv^, .(3) 

in which r = potential difference through which electron has fallen (e.s. 
units); 

c = charge of electricity on one electron; 
m = mass of electron; 

c = final velocity of electron, assuming it to start from rest. 

Transix)sing, we get v’^ = 2V e/m, and e/m has been determined many 
times, its value l>eing 5.3X10^% in electrostatic units. 
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Hence if an electron falls through 1 volt difference of potential (1 volt = 

e.s. unit) the above relation gives v approximately 5X10^ cm. per sec. 

As the surface constraint of tungsten is about 4 volts we see that an 
electron, to break through, must have a velocity of about IX10® cm. per 
sec. 

As noted above an electron must be moving towards the surface with a 
velocity of about 1X 10® cm. {xu* sec. to break through the surface tension of 
tungsten. If they approach the surface (from th(^ inskle) with just this 
velocity when they do get through the surface their velocity is gone and 
they at once fall back into the hot metal. From the principle's of thermo¬ 
dynamics it has been calciilatc'd that if the tungsten is at 2400° Kelvin 
(absolute Centigrade scale) 90 per cent have (after bn'aking through 

the tungsten surface) velocity 
greater than 0.4X10^ cm. per 
s(‘c.; 70 {MT cent have greater 
than O.GXKF cm. per si'c.; 25 
jxT cent hav(‘ greater than 
1.3 X ItF cm. ixT s(‘c.; 1 per cent 
have velocity greater than 
2.5X10' cm [XT sec. and only 
1 X10[X'r cent have a velocity 
as high as 4X10" cm. [X'r sec. 
A tc'inixTature of 2400° Kelvin 
is about that of the ordinary 
tungsten incandescent lamp. 

If a cold metal plate, elec¬ 
trically connected to the fila¬ 
ment outside the tube, is in the 
.Sana* vacuum tulx? as the hot 
filament, and closr' to it, some 
of th(‘ high-s[X'(‘d electrons may 
have sufficient velocit}' to carry therji from the hot filanauit to tlie cold 
plate; they then flow along in the; circuit conn(‘cting the j)late to the 
filament. This th(Tminnic plate* current can (‘xi.st (*ven though the plate 
is at the same prd(‘ntial as the lowest ix>t(‘ntial jx)int in the filament. 
Such an effect is .shown in Fig. 6; the amount of the plate current re¬ 
corded was due to electron.s (‘initted from the filam(‘nt with such a high 
velocity that their inertia carried them acro.ss tlu* 0.2-cm. .space separating 
the plate from the filament. 

It will 1x3 noticed how the numlx'r reaching the plate increases rapidly 
with the value of filament current, due to the two effects mentioned 
above, greater emission and higher velocity of emission. The total emis¬ 
sion of electrons from the filament for various filament currents is noted 



Fig. 6 . —Electron current fn»ni a liot tungsten 
filament to an adj.u'ent cohl plate, .at the 
same fx^tential a.s the lowest pot<‘ntiaI of the 
filament. Current due to vclo<-ity of emi.s.sion 
of the electroihs. 
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on the curve sheet of Fig. 6; above a filament current of 1.36 amperes 
this total emission could not be accurately measured, for reasons to be 
taken up later. The filament used in getting the curve of Fig. 6 was only 
about 3 cm. long and of approximately the same diameter as that of a 
100-watt tungsten lamp, yet it will be found by calculation from the values 
given on the curve sheet that at 1.3 amperes in the filament the emission 
was about 4X10^^ electrons per second, and of this number there were 
4X10^’^ which had sufficient \(‘locity to carry them away from the fila¬ 
ment an appreciable fraction of a centimeter. 

From the previous analysis of electron emission from a hot body it 
will be realized that the condition close to the surface of a hot filament 
resembles very much the atmosphere surrounding the earth, a depth of 
earth atmosphe^re of 1 kilometcu* corresponding to a depth of ‘‘ electron 
atmosphere of about 0.01 nun. Just as the earth’s atmosphere becomes 
less dense with increase of distance from the surface, so does the density of 
electrons decrease with increase of distance from the filament; the upper 
part of the earth’s atmosiJu'n' contains the more rapidly moving atoms of 
gas just as is the case of th(‘ high-speial electrons getting farther away from 
the filament than those emittt'd with lower velocity. 

Effect of Oxide Coating on Electron Emission.—As noted on a previous 
page very slight change's in the surface conditions of a metal greatly affect 
the ejuse with which electrons can eva])orate. The presence of the slightest 
amount of water vai)or will naluce' the emission to almost zero—it is said 
to ‘‘ poison ” the surface. 

\'(‘ry (‘arly work showed, however, the value of coating a cathode with 
certain oxidc's, and many of th(' tulx'.- in use today employ that type of 
emitting surface', en'dited to We'hnelt. d'hus certain oxides poison a 
metallic surface and otluTs arc' very bene'ficial so far as electron emission 
is concerned. 

'riu' oxide-coated filanu'iit was originally made by coating a thin plat¬ 
inum-iridium (Pt, 95 j)('r ci'ut; Ir, 5 jx'r cent) ribbon with successive appli¬ 
cations of barium and strontium oxide's in paraffin wax, and fixing this coat 
by heating the tilame'ut. 'I’he proe'e'ss was repeated sufficient times to 
give an oxide' coating of 1 te) 2 mg. per sejuare centimeters of filament 
surface, l^xperiments have she)wn that effluT materials, of less precious 
metals are eeiually, e)r me)re, e'lYe'ctive' as filaments.^ Pure nickel is ne^t suf¬ 
ficiently strong when Imateal^ so an alle)y e)f nickel, ceff^alt, iron, and titanium 
(Konel m('tal) has be'en adoptexl. It radiate's much more effectively than 
doe's platinum, being about 120® C. cooler than platinum when radiating 
4 watts pe'r square centimeter (Pt at 900®, Konel metal, 780®). Never- 
thele'ss, the oxiele'-ce)ate'el Koned filament seemeel to give somewhat more 
emission than the oxide'-eqateel platinum filament under equal power 
‘ Ivowrv. Phvs. Rev., June 1. 1930, p. 1367. 
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input. This seemed to indicate that the core metal had an important effect 
on the electron emission from the oxide surface. 

Becker ' has given a very complete analysis of the emission phenomena 
occurring with oxide-coated filaments, especially applicable to barium and 
strontium oxides. He comes to the conclusion that some of the barium 
oxide is reduced and that the emission really takes place from an irregular 
surface (probably one molecule deep) of metallic barium on the surface of 
the oxide. 

When first applied, the coating is in the form of carbonate and is white 
but after being “ broken down by continued heating of the filament, 
the carbonate is reduced to an oxide which sometimes turns a dark gray 
color; in this transformation it seems probable that the metallic coating 
of barium comes to the surface. Most recently, Becker and Sears have 
concluded (a) that the core material dcK's fiot directly affect the emission 
but it may greatly affect the ease with which barium is produced by heat 
or electrolysis; (6) that the thermionic-electrons originate in the oxide 
just underneath the surface layer of barium; and that (r) most of the 
current through the oxide is conductecl by electrons, a small portion being 
carried by barium and oxygen ions. 

In Fig. 7 are shown the comparative merits of pure tungsten and 
oxide-coated filaments, the coordinates Ixnng suitably proportioned to 
give a straight line Ix'tween ('mission and filament power used.'^ The 
emission shown is for 1 sep cm. of filament surface, and the tungsten wire 
is supp<jsed to be 3 mils in diameter. 

The hea\’y vertical lines give the approximate useful life of the two 
typ)es of filament when oiM'rated at th(‘ temperature (d('grees Kelvin) 
noted on the curvij sheet. d'h(*se curves indicate that pure tungsten 
requin's almost ten fimes as much jTower as the oxid(‘-coated filament, for 
the .same rate of electron ('ini.ssion. 

Thomson‘S reports that under certain conditions he finds emissions 
greatly in excess of thosf^ heretofore published. Somci of his surprising 
results are given in Fig. 7-A; at what he styles “normal operating tempera¬ 
tures ” he finds an emission efficiency as high as from 1 to 4 amperes per 
watt of filament power. The thennionic work function he found to be 
between 0.75 and 0.905 volt. 

(>f course if a cathode (filam(*nt) is proj^i'rly heat-insulated much higher 
than ordinary emission is to lx? expc^cUnl. Thus Hull shows how to heat- 

» Phys. Rev., Nov. 15, 1929, p. 1323. 

*Phy8. Rev., Dec. 15, 1931, p. 2193. 

*Thi8 form of coordinate paf)er ha« come into univers.al use for plotting emifision 
characteristics; it is due to Davisson of the Bell I.<ai>onitorie8. 

< Phys. Rev., Oct. 15, 1930, p. 1415. 

* Journal A.I.E.E., Nov., 1928. 
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insulate a cathode and get an emission of 0.6 ampere per watt of filament 
power. This scheme is of no avail, however, in high-vacuum tubes, as the 
actual amount of emission current which is obtainable from such a pro¬ 
tected filament is small. 

Tboriated Tungsten Filament. —At the present time many of the 
commercial tubes use a thoriated filament, this really being a tungsten 



Fig. 7.—Showing tlio comparativo emissive power of tunf^sten and oxide-coateil cathodes 

at different tein}x'raturcs. 


filament having a very thin layer of the metal thorium on its surface. 
The electron emission seems to be from the thorium, the tungsten merely 
serving to 1 eat the thorium and to renew this layer as it disintegrates. 
The developrr.ent, of this,special cathode is apparently due to Langmuir 
and his co-workers. 
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The filament is made of tungsten in which about J per cent of thorium 
oxide and some carbon are dissolved. As the temperature of such a 
filament is gradually raised two important phenomena come into play. 
At first some of the thorium oxide is reduced to metallic thorium and then 

this gradually works its way to the 
surface of the filament. If the tem¬ 
perature is kept below a certain limit 
this metallic thorium stays on the 
surface constituting a layer one atom 
deep. Where more thorium atoms 
work their way to the surface and 
come up under other thorium atoms 
already there, the latter at once 
(‘vaponrte, thus maintaining the layer 
only one atoiii thick. 

If th(' temp(‘rature is raised a 
few hundred degre(‘s the thin tho¬ 
rium lay(‘r completely evaporates, 
leaving a tungsten surface. To be 
sure, at this higher temperature, 
the nu‘tallie thorium is formed (from 
the oxide) more rapidly and comes 
to th(‘ surfac(‘ more abundantly but 
it does not stay on the surface; it (»vaporates at once. This peculiar be¬ 
havior of the thoriated cathode has been completely analyzed by Langmuir’ 
as the outcome of a .stTies of brilliant ex{>eriiHents. Certain other metals act 
somewhat like thoriiun, 
such as caesium, etc.-' 

Activation of Thori¬ 
ated Tungsten. — Tlu* 
formation of the Iay(‘r 
of thorium upon thf‘ 
tungsten filament has 
Ix^en styled its arliva- 
tion; the removal (;f 
the layer is stykaj the 
deaclivalion of the fila¬ 
ment; these two actions 
take place according to certain complicated logarithmic laws which 
Langmuir has derived. Fig 8 gives a typical pair of curves, obtained jus 


Fig. 7.\,—('ruler certain conditions un- 
asually high emis.sion ha.s hciai found, 
much great<*r than is obtained in ordi¬ 
nary commercial tubes. 



Fig. 8. Showing the accumulatir)n iind dis-sipation of 
the thorium coating on a thoriated filament. 


‘“The Electron Emiasion from Thoriatcrl TungHten Filament," I’hys. Rev.,Oct., 1923. 
Electron Emission from Absorbed Films on Tungsten," by Kingdon, Phys. Rev., 
Nov., 1924. 
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follows: The thoria-imprognated filament is heated to 2500 K. in a 
thoroughly evacuated bulb, this being immersed in liquid air to condense 
any gas which might appear in the bulb during the test. A fresh tung¬ 
sten deposit on the interior walls of the bulb also helps to clean up 
(adsorb) any gas which might appear. At 2500° K. most of the metallic 
thorium which might be on the surface evaporates but to ensure this the fila¬ 
ment is “ flashed ” for a few seconds at 2800° K.; this procedure leaving a 
chemically pure surface. 

The filanumt is now held at its activating temporature (about 2100^^ K.) 
and periodically its (‘mission is ineasur(‘d. The emission increases with 
time, as more thorium appears on th(' surface as shown in the first part 
{()AB) of Fig. 8. During this time the thorium oxide is being reduced to 
thorium and this is gradually migrating to the surface of the tungsten. 
The amount of emission does not vary directly with the percentage of the 
tungsten surface covered with thorium, as one might expect. If we take 
the emission from a pure tungsten filament at 2100° K. as unity the emission 
from a compl(‘t(‘ly thorium-eov(‘red filament is about 100,000. But if 
half the tungst(‘n surface is covered with thorium this emission is not 
50,Q00; it is only 8161 The rat(‘ at which the activation takes place 
depends of course on the tf'inpc'rature, as well as the final value of current 
when the emission has b('(‘()nu‘ constant. Thus at 2000° K. a certain fila¬ 
ment gave a final emission of 0.001 am|X‘ro and reached 90 per cent of this 
in about 8 hours; at 2050° K. the final emission was 740 micro-amperes 
and 90 per cent of tliis was reached in about 1 hour; at 2150° K. the 
final emission was 250 micro-amj)eres and GO per cent of this was reached 
in 80 minutes. 

Deactivation. If tin* lay(‘r of thorium is in some way driven from the 
surface th(‘ emission drops to that of tungsten, which is practically zero 
at the ojx'rating ((‘mp<‘ratur(‘ of a thoriatcnl filament (about 1500° K.). 
The thorium may 1 h‘ dissipatcMl by too higli a temperature or by bombard¬ 
ment by positive gas ions. In Fig. 8 is shown a deactivation curve brought 
about by operating the filanumt at too high a temperature. The excessive 
rate of thorium evaporation at this temperature rapidly dissipates the 
layer of thorium atoms in spite of the inciTased supply of these from the 
inside of the filament. 

All tulx's hav(* some gas left in them and under certain conditions this 
gas lx.‘comes ionized and the positive ions are pnqected into the filament. 
The thorium is th(‘reby knocked off, or so contaminated that it no longer 
emits an appreciable number of eh'ctrons. 

An interesting curve sheet showing the deactivation of thoriated tung¬ 
sten is shown in Fig. 9; it is taken from a paper by A. W. Hull.^ A pure 
tungsten filament and a tlioriated tungsten filament were both operated in a 
^ Journal .4.I.E.E., Nov., 1928, p. 798. 
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pressure of 0.03 mm. of argon, the tungsten at 2450° K. and the thoriated 
filament at 1900° K. The current from the tungsten filament rose grad¬ 
ually to 3 amperes and held at that value as the voltage on the anode was 
increased to 130 volts. The current from the thoriated filament rose much 
faster, reaching a value of 7.6 amperes at 26 volts on the anode. Just 
above this voltage the ionized argon molecules were able to bombard the 
filament with sufficient energy to disintegrate the atom-deep thorium layer 
on the cathode and so spoil the emission. l"he current therefore fell off 
rapidly, being practically zero at 100 volts anode pressure. 

Reactivation. —If the thorium layer has l)een either evaporated or 
poisoned the filament may generally Ix' n'stored to normalcy by a simple 

treatment. The surface is first 
cleaned by o{x'rating for a short time 
at excessive t('mix‘rature; it is then 
oix'rated for a longer period at 
about 21(X)° K. and so follows the 
curve OAB of Fig. 8. A 3-volt fila¬ 
ment for example should te ofx'rated 
at 10 volts for 30 seconds to rid the 
surface of impurities and then at 4.5 
volts for 10 minutes. During this 
treatment there must ho no voltage 
on the grid or plate of the tulx'. 
(Correspondingly a 6-volt filament 
should lx‘ ojxu'ated at 15 volts for 1 
minute and then at 7.5 volts for 10 
minutes. This reactivation process 
may Ix' carried out sc^veral times 
Ix'fore the supply of thoria in the 
filament is us(m 1 up. 

Comparison of Oxide-coated and Thoriated Filaments. —The thori¬ 
ated filament evidently has the di.stinct advantage of jxumitting recupera¬ 
tion after spoilage, which a.s yet is not fx)ssible with the oxide-coated 
filament, but it may well Ix^ that improvements in the character of the oxide 
coating may give it a life as long a.s that of the thoriated filament with 
several reactivations. 

The gas can apparently lx more cx)mpletely eliminated from the thori¬ 
ated filament during manufacture, which is a distinct advantage in high 
power, high-voltage tubes. Apparently also the thoriated filaments 
permit of uniform product, due to simpler process of manufacture. 

According to data given by King,' however, the present type of 

^‘‘Thermionic Vacuum Tubes and their Application," Bell System Technical 
Journal, Oct., 1923. 



Curve 1 Pure tungsten 24S0 K. 

** 2 Thoriated “ 13^0 K. 

Fio. 9.—When surrounded by an atmos¬ 
phere of 0.03 mm. of argon the eleetron 
emission from i)uro tungsten and thori¬ 
ated tungsten varic'il a.s shown by these 
curves; above the ionizing voltage of 
argon, the positive ion homlKirdment 
knocked all the thorium ofT the thori¬ 
ated filament, redueing its emission to 
practically zero. 
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oxide-coated filament is considerably more efficient than the thoriated 
type. In Fig. 10 are reproduced some of the data given by King; it appears 
from this chart that the oxide-coated, platinum-nickel filament uses only 
about half as much power for the same emission. The operating tempera¬ 
ture of the oxide filament, for the same emission as the thoriated one, is 



Fia. 10.--Comparjitivo merits of pure tunj^sten, thoriated tungsten, and modern oxide- 

coated cathodes. 

about 400"^ lower. For reasonably efficient emission the oxide-coated 
filament is a dull rod, the (horiiited filament is yellow, and the tungsten 
filament is dazzlingly bright. 

Two-electrode Vacuum Tube.- The property of hot bodies in vacuo 
pennitting passivge of electrons to a cold electrode in the same vessel was 
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originally called the Edison effect; it was noticed in incandescent lamps 
as early as 1884. In 1896 Fleming gave the results of a series of experi¬ 
ments in thermionic currents through vacuoj but in the light of our present 
knowledge it seems that a large part of the current measured by him was 
due to conduction by the ionized gas in the tube he was using. He found 
some characteristics which were really tlue to the electron emission, 
notably the unilateral (one direction only) conductivity of the appa¬ 
ratus, the non-linear relation Ix'tween the plate {K)t(‘ntial (with respect to 
the filament) and the plate current, and tlic^ fact that a large separation 
of plate and filament tended to reduce' (he amount of plate' current obtain¬ 
able. He found, he)wever, that the‘ plate curre'nt was unstable and that 
the better the vacuum the' h'ss the' plate' current became; both of tlu'se 
effe'cts show lliat ionize'd gas was largely responsible for carrying the plate 



Fig. 11. —One type of Fleming valve, nse<l on early Mareoni reeei\ing !>*et.s aa detertor. 

current. The unilate*ral (;e)nductivity of a vacuum tui)e* having twe) e'h'c- 
trodes, one* hot ariel (he other e.*(»l(l, was utilizeel by Meniing for the* de'tec- 
tiem of danif)eel high-fn*ejue*ncy wave's and was pat('nt<'d by him in 1905. 
This pate'nt was a very imiK)rtant erne in the' fie'ld of radio tek'graphy; it 
g(X?s by the name of the “ Fleaning valve*” pate*n(. A cut showing a 
Fleming valve is given in Fig, 11. Meae* re*eM*nt ele'vices which function 
Ix^cause of the* unilateral conductivity ix*twe‘e*n hot anei ce>lel el(?ctre)de« 
in a partial vacuum are the mercury re^ctifie*r, the tungar re'ctifier, and the 
kenotron. 

The mercury rectifier uses a hot spot e)n a pool of me'rcury as the source 
of its electrons, the necessary tempe'rature of the heit spot being maintained 
by heat caused by the plate current itself; ionized mi^rcury vapor serves 
as the carrier of the current which can pass one way only. 
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The “ iungar rectifier operates in a manner different from that of 
the mercury rectifier, in that a hot tungsten filament serves as the source 
of electrons, this filament requiring an auxiliary source of power for main¬ 


taining its requisite temperature. 
The tube is filled with an inert gas 
(generally about 2 lb. absolute of 
argon), and this gas is ionized by 
the electrons from the hot filament; 
the carrier of the plate current is thus 
in this case ionized gas for the main 
part, the number of electrons emitted 
from the hot filament being sufficient 
to carry perhaps 1/500 of the cur¬ 
rent to the plate. 

The hot cathode mercury vapor 
rectifier has recently been developed, 
largely due to the work of A. W. 
Hull, and is now widely used. A two- 
el(‘ct rode t ube, having an oxide-coated 
filament, has suflicient mercury in it 



Mercury temperature Centigrade 

Fig. 12.—Variation of the *‘break-down ” 
voltage of a mercur>' vaix>r tube, for 
various pressures of mercury vapor. 


so tliat wluai in normal operation the mercury vapor pressure is a few hun¬ 


dredths of 1 mm. This is sufficient pre.s.sure to permit the tube to carry its 


full emirision current with a drop of only about 18 volts, but the tube will 



lU**:ulU )r tutK- 


Ditforential 

Held 


Fio. 13. Fse of a two-rlor(rode tiil>o at? a volt^ago- 
ropulafor for ;i v.Mri.'jbh' .‘<proii genenitor. 


not break down and carry 
reversed current unless the 
inverse voltage is raised to 
many thousands. In Fig. 
12 are shown the relations 
between mercury vapor pres¬ 
sure, temix^rature of the mer¬ 
cury vapor, and break¬ 
down ’’ voltage required 
before the tube will carry 
current in the reverse direc¬ 
tion. If one of these tubes, 
having a few drops of mer¬ 
cury, is heated to, say, 75° 
C., it will carry many am¬ 
peres (depending upon the 


size of th(' hot filament) in one direction with a drop of from 15 to 20 volts, 


but as the pressure of the vapor, at this temperature, is only 0.055 mm. 
(see Fig. 12), it will require 12,000 volts to make the tube carry reversed 
current. If the tube is cooled off so that the temperature of the mercury 
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vapor is only 60^ C., its pressure will decrease to about 0.02 mm., and 
the required inverse voltage, for breakdown, is about 30,000 volts. 

The diode or keriotron is a rectifying tube which really operates as a 
thermionic valve; the tube is exhausted as thoroughly as possible, so much 
so that whatever gas may be present plays an unimportant role in the 
functioning of the device. The plate current is never greater than that 
actually emitted by the hot filament. These rectifying tubes are made 
in large sizes, sufficient to rectify several kilowatts of power; the vacuum 
in these is so high that no appreciable current is carried in the reversed 
direction (electrons from plate to filament) even if 100,000 volts is im¬ 
pressed. 

In small sizes they have been as(‘d as voltage regulators for self-excited 



Voitji ( A.C ) flTvctivu 

Fig. 14. —Chanirtf'rLstir.s oi a low f)r<'ssur(‘, <*oI(l rF*ftro<lc rcvtifyirii.' tulM*. It« 
rectifyinj; action dopcnd.s U|x>n tin* asynunctry of its two electrodes. 


generators, the sfK*ed of which is variable. By having a difTerential winding 
on the field poles, w'hich is supplied with curnuit through a regulator tube, 
and connecting the filament of this regulator tulxt across a low-voltage 
winding on the armatun*, a small generator may' lx* made to maintain 
practically constant voltage over a wide ranges of sjxxxl variation, d'he 
scheme of connection is shown in Fig. 13, and the reasons for the tul)C 
maintaining such constant voltage over such a w idc^ sjx*ed range will apfwar 
from an examination of the characteristics curves of such a tube. 

There is another type of rectifying tube which has had quite some 
appheation in radio work; it is ujxxl for changing an a.c. supply into a 
continuous current for the various circuits of the thermionic tube used in 
radio receivers. It depends entirely upon ionization of the gas with which 
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the tube is filled at low pressure. The electrodes are so shaped that elec¬ 
trons leaving one of them travel only a short distance before being 
stopped, whereas those starting from the other electrode travel much 
farther through the gas before meeting the other electrode. Now an 
electron has to travel through a rarefied gas a considerable distance 
before setting up much progressive ionization and so making the 
path conductive. The result is that whereas the tube breaks down 
at about 150 volts, and conducts readily in one direction, it takes about 
700 volts to make it conduct in the opposite direction. 

The characteristics of one of these tubes (styled the S tube) are shown 
in Fig. 14. Like any device dcjx'nding 
upon ionization for conduction of cur¬ 
rent, it is unstable and must be used 
with sufficient series resistance; this 
was done in getting the curves of 
Fig. 14. The voltages shown were 
measured at the tube t(Tminals. In 
the a.c. test (curve 3j an alternating 
voltage, with effective values as given 
in the curve sheet, was impressed, and 
the current that passed was used on a 
c.c. ammeter; this curve then shows 
the tnie rectifying action of the tube. 

This is not a thermionic tube at all, 
as neither of the electrodes is heat(‘d; 
its rectifying properti(‘s arise from the 
shape of the electrodes.' 

Characteristic Curves of a Two- 
electrode Vacuum Tube- Value of nacvoits 

Saturation Current. If tlie filament 15. Variation of plato current 

current of a diode is maintained pl.ato voltage (for various fila- 

constant and plate voltagt' varied, ment currents) in a small kenotron, 
muiings Ixdng taken of plate voltage 

(with r(‘sp('Ct to the filament) and jdate current, curves will be obtained 
having the shaix^ shown in Fig. 15; here three curves are shown for three 
different filament curnmts as noted on the curve sheet. 

Curve 1, Fig. 15, shows the variation of plate current for a filament cur¬ 
rent of 1.15 ami>eres; it is evident that as the plate voltage is increased 
from zero the plate current rise's more' rapidly than the first power of the 
voltage until about 10 volts is impressed; for higher voltage a smaller 
incretvsc in plate current is obtained and above 30 volts no further increase 

» For more cletnilod explanation of the action of this t>T>e of rectifier, see Journal 
A.I.E.E., Sept., 1922 . 
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in plate current is obtained, even if the plate voltage is increased to 300 
volts. It is evident that a plate voltage of 30 is sufficiently high to attract 
to the plate all the electrons which the filament emitSy at the temperature 
reached with a filament current, //, of 1.15 amperes. This value of plate 
current, which is limited only by the emitting power of the filament, is 
called saturation current of the tube. 

Saturation curi*ent evidently will be determined in magnitude by the 
temperature and area of the filament surface; also for higher filament 
temperatures (higher emission) it will require higher plate voltage to 
obtain saturation current. Thus when 1/ is raised to 1.25 ampc'res, satura¬ 
tion current is increased from 5 milliamperes, its value for 7/= 1.15 amperes, 
to about 16.5 milliamperes, and whereas in the first case 30 volts on the 
plate was sufficient to obtain saturation current, in the second case even 
50 volts was not quite sufficient to reach saturation. 

When If was increased to 1.40 amperes, the emission was so great 
that a plate voltage of 50 was not nearly enough to obtain saturation 
current and the value of saturation current is going to be v(‘ry high, judg¬ 
ing from the shajx' of the curve. Its value was actually determined in 
another test and found to be 140 milliainpiTes. 

Considering curv'e 3 of Fig. 15, it is apparent that for any plate volt¬ 
age shown on the curve sheet, the nuinbcT of electrons arriving at th(‘ plate 
is only a small fraction of the numlxT emitted by the hot filament; o.g., 
with a plate potential of 20 volts the current to th(‘ plate was only 10.8 
milliamperes, whereas the total emission of electrons from th(' filament is 
sufficient to give a plate current of 140 milliainpc'res. It is thfreforc 
evident that to obtain at the plate all the ehx'trons (‘initod from the 
filament a certain minimum voltage must lx* imi)n‘ssed on the plate. 
The reason for this is given by an analysis of th(‘ eh'ctron distribution 
between the hot filament and cold plate. 

Form of Saturation Current.—It will Ix' noticed that the plateau of 
current (Fig. 15), where it is assumed that all the (‘vafxjratixl electrons are 
being drawn over to the plate, is not quite l(‘V(i, i.(‘ , the current continually 
increases to a small degree as the anode voltage is raised. With oxide- 
coated filaments, and thoriated filaments, this lack of satunition is much 
more marked than in the case of pure tungstem, which was usivl in getting 
the results of Fig. 15. It seems probable that this lack of saturation is 
entirely a surface effect; the emitting surface has small irregularities on it 
which result in different electric gradients at the surface and henc(^ lack in 
uniform Ixhavior of the emitting surface. Thus if thc'n* is a small 
crevice in the surface of the filament it is evident that very high voltages 
will be required to reach in to the bottom of the hole and take away all 
the evaporated electrons. As the chance of such crevices in the filament 
surface is greater with coated metals than with pure tungsten we should 
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expect the slope of the saturation plateau ” to be greater in the case of 
the coated filament, and such proves to be the fact. An analysis of this 
surface action has been given by Becker and Mueller ^ and by Reynolds.^ 

Space Charge.—In Fig. 16 is shown in very elementary fashion the 
distribution of electrons between the plate and filament; we will consider 
the electric forces acting on two of the electrons a and h. Electron a is 
urged to the plate by two forces, the attraction from the plate.and the 
repulsion from all the electrons between it and the filament; it will undoubt¬ 
edly go to the plate. But electron 6, although attracted by the plate, is 
repelled by all the electrons between the plate and itself; whether it will 
move toward the plate or re-enter the filament depends upon the relation be¬ 
tween these two forces. It is evi¬ 
dent that close to the surface of I ^ 

the filament the efTect of all the 
electrons in the space Indwetai 
the filament and the plate (con¬ 
stituting the s'pace charge) will 
practically neutralize any (‘ffect 
of the plate, ?////c.svs the plate voltage 
is high enough to give a force (f 
attraction greater tJuvi the n pulsive 
force exerted hg the spare charge. 

Th(T(' is anotlu'r way of look¬ 
ing at the [)roblem; to bring the 
plat(‘ to a certain potential with 
resjx'ct to the filament recjuires a 
C(‘rtain (plantity of electricity, 

(letermiiK'd by the electrostatic, 
capacity of the condenser formed 
by the plate and filament. 8up- 
pos(' this quantity of “positive” electricity is q, 
there will Ix' th('n Awq lines of electn^static force 
leaving th(‘ plate, in the direction of the filament. These lines of force 
must end on q charges of negative electricity; but if the space charge is 
sufficiently large to furnish the requisite q the lines of force from the 
plate iK'ver jxau'trate to the filament. 

An attc'inpt to pictum this is made in Fig. 17, for the picture as drawn 
electron a (‘xix'ric'iices no force at all from the plate, and so does just the 
same as it would if the plate were not there, i.e., goes back into the fila¬ 
ment. But if the plate is brought to a higher positive potential, by 
putting more charge on it, more lines of force will emanate from the plate 






Fig. 17.—If there are 
sufficient electrons be¬ 
tween the plate and 
filament, the lines of 
force from the plate 
do not penetrate as 
far as the filament, 
thus lea\ing some 
electrons near the fila¬ 
ment free from attrac¬ 
tion to the plate. 


' PhJ's. Rev., March, i928, p. 431. 
* Phys. Rev., Jan. 15, 1930, p. 158. 
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and so some may end on electron a and so attract it to the plate. It must 
be remembered that the above picture of what happens is very crude and 
artificial; the lines of force really have no entity and a is attracted, 
to some extent, by the plate for the condition shown in Fig. 17, but 
the attraction is negligibly small. 

Of course it is to l>e remembered that the voltage gradient is not 
uniform between plate and filament. If the separation between plate 
and filament is 1 cm. and the voltage difference is 100 volts, it might be 
assumed that the voltage gradient between plate and filament was 100 
volts per centimeter, but sucli is far from the fact. The potential gradient 
is always greatest at the filament surface and is greater for a .‘<mall filament 
than for a larger one. Thus with a filament 0.00146 cm. in radius, axially 
placed in a cylinder of 1.0() inside radius, the potential gradient at the 
filament surface is 103 times tlH‘ voltage between plate and filament. 

It has been shown by (4uld ^ that when the emission of the electrons 
from the filament is much greater than tluit required by the plate current, 
the plate current may be ex|X'cted to vary ticcording to the n'lation 


in which £* = potential of plate with res|K*ct to filament; 
j = distance Ix'tween filament and plate. 

WTien E is measured in volts and j in c('ntim('t(‘rs this lK‘Comes 
f = 2.33XlO“^X— 7 amp<‘res {XT s(|uare centimetiT of plate . . (5) 

j- 

If the plate is cylindrical in form with th(‘ hot filaimuil placed in its 
axis this relation lx*comes 

i= 14.65X10~^’X— ampf^res |x^r c(*ntirn(*t(‘r hmgth of cylinder, . (6) 


where r = internal radius of cylinder. 

The diameter of the filament is supposed small compared to the diam- 
eter of the cylinder in getting this formula. 

If we have an equation in the fonn x = 2/” we have also log j = « log y, 
so that if the data for the curve = are plott(»d on logarithmic coordinate 
paper the curve .shouhl lx?come a straight line, the slojx* of which gives the 
value of the exponent a. (.'urve 3 of Hg. 15 was trans[K)sed to logarithmic 
paper and is shown in Fig. 18; it is seen that the exponent itself is variable, 
having a value about 2 for low plate voltages and rapidly decreasing for 
the higher values. 


*Phy8. Rev., 1911,Vol, 32, p. 498. 
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It could not be expected that the experimental results would agree 
with theory, because the voltage between the plate and filament is different 
in different parts of the filament. 

This point must be borne in mind in interpreting all experimental 
results on vacuum tubes; practically all theoretical conclusions are 
reached from the premise of uniform potential gradient between the plate 
and all parts of the surface emitting the electrons. For the lower plate 
voltages this assumption is not even approximately true. The tube used 
in getting the results shown in Fig. 15 had an IR drop in the filament of 
6 volts so that (he potential relations in the tube may be about as shown 


in Fig. 19. The voltage difference is 
20 at the negative end of the filament 



rialc volU 


Fia. 18.—Curve 3 I'iiz. 15 transposed to 

logarithmic coordinat«‘s. 

and only 14 at the po.^ilive end, having 
values betvv(‘(*n 14 and 20 at (he in(er- 



20 volts 


Fkj. 19.— Variation of potential drop 
between the plate and different 
parts of the filament; the drop at 
(»ne end of the filament is 14 volts 
and at the other end is 20 volts. 


mediate points. 

For such tubes we cannot expect to get theoretically correct results 
for the |X"rfonnancc under any conditions; especially when the character¬ 
istic varies with the plate voltage to a power higlier than the first (as the 
3/2 or square) tlie departure of experiment from theory must be expected. 
The author built a tube in 1915 as shown in Fig. 20 in wliich the spiral 
tungsten filament A used for heating was entirely enclosed in a tungsten 
thimble B] this thimble constituted the hot surface from which the elec¬ 
trons were emitted. Such a construction gives a uniform potential gradi¬ 
ent l)etween the emitting surface B and the cylindrical plate C and so 
fx^miits exix'rirnentation under the conditions assumed in theory. With 
this construction it is not possible to get the tungsten thimble as hot as the 
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filament and so the emission is rather low, unless an oxide coating is used 
on the thimble. Such a construction permits the use of a liigh voltage fila¬ 
ment and, a much more important point, the electron current from the hot 
surface is not directly limited by the carrying capacity of the filainent. As 
will be explained later this feature becomes important in high-power 
tubes; in these tubes the electron current to the plate may be as high 
as 12 to 15 per cent of the filament current, so that the filament cur¬ 
rent is 12 to 15 per cent greater at one 
end cf the fdarnent than it is at the 
other end. 

With the construction of Fig. 20 it 
is possible to use alternating current 
in the filament proper and still not 
have the alternating potential drop in 
the filam(‘nt affect the electron stream 
leaving the cathode. It is pref(‘r- 
able in such a case, however, to 
completely insulate the filament from 
the thimhh' cathode.^ Such an in¬ 
sulated construction mak(‘s possible 
the heating of the thimble cathode 
by the eiuTgy of (dectron bombard¬ 
ment. If th(‘ filament is maintained 
highly negative witli n'sjx'ct to the 
thimble (which is generally best kept 
at zero pot(*ntial), electrons leaving 
the filament will strike the inside 
surface of the thimble and there give 
up their energy, thus heating tint 
thimble. There is practically no 
limit to the temperature producible 
by this method, except the volatilization of the thimble. 

The idea of using indirectly heated thimble cathodes is used in very 
many of the modem tul>es, although in a slightly different fonn. As 
shown in Fig. 21, a small cylinder of fused magnesia, A, hits two small holes 
running through it lengthwise. Through these two holes is thread(*d a 
tungsten filament which is heated frorn the low voltage winding of 

a transformer giving about 2 volts. Tightly enveloping the magnesia 
cylinder is a cathode, in the form of a metal cylinder coated on the 
outside with electron-emitting oxides. A connection to this cathode, C, 
corresponds to the filament connection of the ordinary tube. 

* See “A Combined Kenotron Rectifier and Pliofron Receiver C.‘if)ablc of Openition 
by Alternating Current Power/’ by Hull. Proc. I.R.E., April, 102.3, 



Heating 

battery 


Fig. 20.—Showing the autlv^r’s original 
scheme f>r getting a Onijxjtential 
surface emitting electron.s; the elec¬ 
trons come off from the thiml)le li, 
which i.s heated by the filament A. 
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The filament heats the magnesia cylinder and this in turn heats the 
thimble cathode which emits the required electrons. By making the 
magnesia cylinder of small heat capacity the time required to make these 
tubes function has been reduced to about 10 seconds. The two holes in 
the magnesia cylinder are put very close together so that the alternating 
magnetic field set up by the one turn filament may be kept negligibly 
small. The filament is designed for a small Hi drop so that the alternating 
electric field surrounding the filament may be small.’ 

Effect of Plate Current on Filament Current. —It is shown in Fig. 7 
that a tungsten filament does not give 


appreciable (‘mission until it is very hot, 
so that we may have conditions as shown 
in Fig. 22; the arrows indicate the direc¬ 
tion of electron flow. With a plate eiir- 
r(‘nt of 0.5 amjxTe the tube in qiH‘stion 
has a current of .‘L3 am- 


per(‘S at one end and 3.8 
amperes at the otla^r end, 
as indicat (‘d in the dia¬ 
gram. iOnd B of the fila¬ 
ment is at a much lower 
temperature thtin end A, 
and is contributing but 
litll(‘ of the plate current, 
as the (‘mission is too low. 
Knd Ay on the other hand, 
is furnishing most of the 
plate current and is also 
lK‘ingoiX‘rated at much t<3o 
liigh a temperature. With 
a tube as shown in Figs. 20 
and 21, the filament projx'r 
suffers no loss of (dectrons. 





Fig. 21.—The 
motlern form 
of indirectly 
heated cath- 



Fig. 22.—The emission of electrons 
from various parts of thesame fila¬ 
ment differs very much; because 
of the current to the plate, the 
filament current (hence filament 
temperature) is much greater at 
one end of the filament than at 


SO has th(' sam(‘ current ode. 


the other. 


throughout its U'ligth. 

When using alt (‘mating curn'nt for heating the filaments it is possible 
to use a connection scheme whic’h largely obviates the trouble just referred 
to; Fig. 23 shows how this is done. As filaments generally are com- 


‘ F’or an analysis of the disturbance.s introduced into a radio receiver by the alter¬ 
nating current filament see “Analysis and Reduction of Output Disturbance.8 Resulting 
from A.C. ()|)eration of Heaters of Indirectly Heated Cathode Triodes," McNally, 
I.R.E., Aug., 1932, p. 1203. die discusses the relative intensities of disturbances due 
to cl(K!tric and magnetic fields and also means for minimizing them. 
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paratively low voltage the a.c. power supply ordinarily requires a step- 
down transformer and the plate circuit is connected to the filament circuit 
at the midpoint of the transfonner secondary. With the polarity reversal 
of this secondary each end of the filament in turn carries the larger cur¬ 
rent (lower end of the filament in Fig. 22) thus bringing about a much 
more uniform heating of the filament. 

Variation of Emission with Filament Current.—Curves Showing Space 
Charge Effects.—The variation of emission with filament temperature is 
indicated in Eqs. (1) or (2), but as the experimenter genendly has no means 
of measuring the temp)erature of the filament, he measures the fila¬ 
ment current instead; the curves given in Fig. 24 show how the emission 
varies with filament current. In these cuiwes is also shown the effect of 
space charge limiting the plate current. It is evident that the filament 
used in this tulx? gives practically no emission with currents less than 
1.0 ampere. With a plate voltage of 100 the plate current rose rapidly 
with increase in filament current reaching 135 milliamixuHvs at a filament 
current of 1.40 amperes. 

WTien the plate voltage was dropped to 50 and the same variation of 
filament current carried out the plate current ri'acluai a valu(» of only 48 
milliamperes at //=1.40 amperes. With plaU* voltages of 20 and 5 the 
maximum plate currents were 10.6 milliamp('res and 1 millianqxTe 
respectively. Now with //=1.40 the emission is 135 milliamp(‘res as 
shown in curvT 1; with the plate at a positive potential of 5 volts (with 
re.spect to negative end of filament) only 1 milliam|KTe was obtained, that 
is, only 1/135 of the electrons emitted by the filament reached the 
plate, the rest re-entering this filament due to the space charge overcoming 
the comparatively weak field from the plate. 

Speaking in terms (jf the idea depicted in Fig. 17 we can say that the 
lines of force from the plat(‘ |x*netrated but a short way into the (‘lectron 
atmosphere; the great mass of the emitted (‘leetrons which, it must Ik' 
remembered, stay ver>" clo.se to the filarmuit, nev(T feel the tractive effect 
of the positive plate. Tho.se few having (*xceptie)nally high outward 
velocity (due to their velocity of emi.s.sion and suitable collisions with the 
other electrons in the electron atrnosphen*) reach th(‘ outer n'gions of the 
atmosphere and so get attracted to the plat(‘. 

Even for the lower values of filament current (Fig. 24) the four values 
of plate voltage do not give the same plat(‘ current as might 1 k‘ expi'cted. 
This is due to the fact that the IH drop in the filament is appreciable; in the 
special tube pictured in Fig. 20 all curves coincide* in the lower parts. 

In comparing the curves of Fig. 24 with those of Fig. 15 it is to be noticed 
that although they have the same general shape they have entirely different 
meanings. In Fig. 15 the flat parts of the curves indicate that saturation 
current has been obtained and in the lower curved portions the space charge 
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is limiting the current; in Fig. 24 the lower curved portions indicate that 
saturation current is flowing and the upper flat parts indicate that space 
charge is limiting the plate current. 

The Three-electrode Tube or Triode. —The three-electrode tube differs 
from the two-electrode tube just analyzed in that a third electrode (called 
the gridy because of its ordinary form) is employed to control the plate cur¬ 
rent. In its normal form the grid is a metal mesh of some kind interposed 
Ix'tween the plate and filament; the electrons passing from the filament to 
the plate have to go through the holes in the grid mesh 
and their passage to the plate is controlled to any desired 
extent by the potential of the grid with respect to the 
filament. In this form of tube therefore the plate cur¬ 
rent may be controlled by thr(‘e factors, the filament 
current, the grid potential and the plate potential. 

The control el(‘ctrode, or grid, in the ordinary form of 
tul^ as invented by l)e Fon^st, is inside the tube, directly 
in the path of the electrons traveling from filament to 


Plato 





Fkj. 23.- When usinjjj jiltornatinj? rur- 
r(M»t for lilanu'iit (‘xcitatioii tho plato 
rirriiit i.s >^ciicrally conma'ted to a 
tap on tlu* filam<*nt winding 
of tho tran.sfornuT. 



Plate curnnt iil.m.Lnt current 
Curve 1 Plate volts a 5 

•* 2 ’• ■' -20 il 

'• 3 - " ■ 

•• 4 •• *• «100_ 

Two electrode tube 


0 4 C tl.Ojt i t 4 e «1.2 8 4 6 81.3a 4 0 

Filament current 

Pig. 24.—Variation of plate current in a di- 
otle as filament current is varied; for any 
one curve the plate voltage was held con¬ 
stant. 


plate. It is |>ossible, liowever, to use a control electrode outside the tube, 
although it seems as tliough this kind of control offers more difficulties 
than tlie internal grid. In one tyjK* of outside grid tube tried by the 
author the control worked for a few seconds and then the accumulation 
of electrons on tho inside* walls of the tube made it stop functioning. 
The inner walls of the* glass must lx* made partially conducting to prevent 
this accumidation of charge. 

The inside controf electrode need not be placed between the filament 
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and plate; it will work to some extent even if it is on the side of the fila¬ 
ment opposite to that on which the plate is situated. Its action in such 
a tube is not as efficient in controlling the plate current as in the normal 
placement; in the analyses to follow it will be supposed that the grid is 




Fio. 25.—Two rnrtal platos, onp Ep volts 
higher [X)tential than the ottier, have 
a uniform [xjtential grarlient i>etween 
them, the potential lx?in^^ about a.s 
shown by dotted line a; plate F i.s 
covered with an electron'atmosphere 
the {x>tential is changed to the form 
.shown by line b, or even that .shown 
by line c. In cai«? the plate F i.s a 
filament, thu.s having a very small 
surface compared to the plate P, 
nejirly all the voltage droj) will occur 
close to the filament, instead of occur¬ 
ring uniformly as shown by dashe<I 
line a. The slope of the jMitential 
gradient close to the filament may l>e 
50 or 100 times the av'erage slojx*. 

have a clear idea of this potential. 


Fig. 20. - In a threc-<*lectr(Hlc tube the |h)- 
tential distribution betwciui the filament 
ami plate may l>c a.s .shown by either b, a, 
or c, according to the jxitential of the 
grid. 

in.side the tulx^ lH*tw(‘f*n thi* filament 
and plate and tlie curves given to 
illu.strate the text will Ix^ records ol> 
tained from such tttlx's. 

Potential Distribution in the 
Three-electrode Tube. The 
electrode tulx* functions because of 
the effect of the grid on the potential 
distribution Ix'tween the filament and 
plate; it is then‘fore nece.ssary to 
In Fig. 25 is shown by the dotted line 
(a) this potential distribution lx»tween two metal plates, one marked F 
to represent the filament, the other marked P to represent the plate. The 
filament is supposed at zero potential and the plate at positive potential Fp. 
With a uniform field distribution as shown in the upper part of the figure 
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the potential between plate and filament falls off uniformly. In the actual 
tube such a uniform potential gradient does not obtain; owing to the com¬ 
paratively small surface of the filament the potential falls more rapidly 
near the filament than near the plate. 

If we now suppose an electron atmosphere to cover the surface of F 
the potential distribution is changed to some such form as indicated by 
the full line (6) in Fig. 25. The potential gradient becomes much lower in 
the vicinity of F because most of the field of P ends on electrons in the 
vicinity of F and so never reaches F; in fact if the emission is much greater 
than the plate current (practically always the case with three-electrode 
tubes in normal operation) the potential very close to the surface of F 
may even become negative, the potential distribution being then as in¬ 
dicated by cursT c of Fig. 25. In Fig. 26 is represented a filament F, 
plate Py and grid G (shown in cross-section by the small circles) in the 
lower part of the figure is shown by the line marked (a) the potential 
distribution b(‘tween P and F without any action from G; the curved 
form of this line is caused b}^ the electron atmosphere around F. It 
must be remembered that most of the electrons emitted are very close 
to F and re-enter F without having moved very far toward G. The 
potential gradient in which the great majority of the electrons lie (close 
to F) is very .small, hence they experience but little tractive effort from P. 

If now G is made positive the potential distribution is changed to the 
line marked h in Fig. 26. The potential gradient between G and F has 
been much increased so that many of the electrons which previously fell 
back into the filament will now move toward G. Referring to the upper 
part of Fig. 26, (’lectron </, which, without positive grid, would have fallen 
back intf) tlie filament, now moves toward ( 7 , and so is found in some 
such position as a'. In this position it experiences two attractions, one 
from G and one from P. Becaii.^e of the relatively higher potential and 
larger surface of P most of the (‘k'ctrons which arrive at this position will 
move to the plate, instead of going to G as might be supposed. There 
may arrive at position a', however, an electron which has some velocity 
in the direction of G\ the result of this velocity and the two attractions 
from G and P may result in its going to G instead of P. Other electrons 
moving from F toward (t may find themselves in such a position (with 
resiwct to the grid wires) as shown by 6'; these electrons will almost surely 
go to the grid instead of to the plate. 

We may therefore conclude that the interposition of a positively charged 
grid between the filament and plate will partially neutralize the effect 
of the space charge; more of the electrons emitted from the filament 
will move away from it, some of them going to the grid and some 
going to the plate. A positive grid then increases the plate current, 
plate potential remaining fixed. 
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A negatively charged grid will result in a potential distribution some¬ 
what as shown by curve c of Fig. 26; if the grid is negative to the 
extent shown by the curve the plate current will be reduced to practi¬ 
cally zero, because none of the electrons (except a very few which are 
emitted with exceptionally high velocity) can move against the neg¬ 
ative potential gradient between F andG. It must be noticed of course 
that the potential curve on such a line as indicated by M~N (Fig. 26) 
will be different from that on such a line as M'-N'] the grid potential 
will not be so effective on the line M'-N' as on a line lying closer to one 
of the grid wires. 

It will be appreciated at once that this effect of the grid in control¬ 
ling the flow’ of electrons to the plate will dejx'nd on various features of 

construction of the tube. The 
grid will (‘xercise the most 
control ’when its wires are 
very fine and close together, 
and when it completely sur¬ 
rounds the filament. Unless 
the grid is considerably larger 
(in length and breadth) than 
the space occupicMl by the fila¬ 
ment many of the electrons 
will go from the filament 
around th(‘ grid and thus arrive 
at the plate without having 
l)een subjected completely to 
the controlling action of the 
grid. 

This idea is illust rated in Fig. 
27; the construction shown in 
a will permit the grid to exert a much greater control over the electron 
stream than will the construction shown in b. 

Model of Triode. —It is [)ossiblc to build a hydraulic model of a three- 
electrode tulje which illustrates very well the general ideas involv(‘d in 
the tube action. A jar (Fig. 28) (such as glass storage-battery container) 
has placed in the lower part a pii)e A, closed at its tw’o ends, wiiich is full 
of small holes on its lower side and is connected to an air supply of very 
low pressure. A rublx^r sheet (such as the niblx'r used by dentists) is 
fastened to the side of this pipe A and also to a rod C in the upper part of 
the jar, horizontal and parallel to A. To make the model simple only one- 
half of the three-electrode tube is represented; a metal sheet E fastened to 
A makes all the air bubbles which escape move to the left (in Fig. 28) 
and 80 rtm up on the under side of the rubber sheet and escape past C, 



Fio. 27.—The construction shown in a will ^ive 
the Krid G much j'rcatcr controlling? action 
than that .shown in h; the more completely 
the >?ri(i enclose.s the fihunent and the finer 
its structure the j?reater will be its controlling 
action. 
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This stream of bubbles represents the electron stream from a filament, A 
being the filament and C the plate, C being at higher level than as must 
be the potential of the plate with respect to that of the filament. 

A stick D has several parallel wooden pins fastened to it, the lower 
ends of which are fastened (by tacks) to the rubber sheet close to pipe A, 
as shown. When 1) is moved up and down, the lower ends of its pins 
lift up and down those parts of 
the rubber sheets to which they 
are attached; in Fig. 29 is shown 
a sketch of the rubber sheet 
with the bar D lifted, and in 
Fig. 30 is shown th(' hjrin of 
the rubber sheet whcui the bar 
D is depressed. If the pressure 
of the air in the pipe A is 
propc'rly adjusted, the flow of 

air bubbles up the uiuler 2S.-Hy,lraulic mo,M of the three^lec- 

side of the rubber sheet re- trode tube, 

scmbles (more closely than any 

analogy the author has secui) the flow of electrons in a three-electrode tube. 

The action of the bar 1) with its attached pins, producing small hills 
and valleys in the nibber sheet, illustrates well the action of the grid. 
The depression of tin' pins, making it more difficult for the air to pass 
up along the sheet, illustrates a negative grid, and when the pins are 



Fio. 29.-Hvdnnilir iinxlol of tho three- Fia. 30.—Hydraulic model of the three- 
‘olortnxlo tul)o. electroilo iulye. 

lifted up the increased How of air corresponds to the increased plate 
current with positive grid. Hy having the pins, d, d, etc., in the form 
of tubes open at tlieir lowt'r ends and having corresponding holes in 
the rublx'r sheet, some of the air bubbles will run up these tubes when 
handle D is lifted, thus imitating the action of the positive grid attracting 
some of the electrons, causing grid current. 
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The effect of the space charge is not simulated very well by the model; 
the accumulation of air between the “ grid (row of pins, d, d, d) acts to 
prevent other bubbles of air coming through the small holes in the “ fila¬ 
ment (pipe -4) but this action is not strictly analogous to the mutual 
repulsion of the electrons in the actual space charge effect. 

Fields of Use of Three-electrode Tube.—Detector, Amplifier, Gener¬ 
ator or Converter, Modulator. —The three-electrode tube was first used as a 
detector of radio signals from spark stations; it was much more scuisitive 
than its competitors, the magnetic detector, Fleming valve, etc., and so 
rapidly displaced these as a detector. In its original form as manufactured 
by De Forest a potential of about 30 volts was used on the plate; the normal 
plate current was a few hundred microamperes. Although these original 
tube's were rather erratic in their behavior, and not uniform in their char¬ 
acteristics (one tube not being like anotluT) by careful adjustnu'nt of 
filament current and plate voltage, they were nearly as good detectors 
as the present types. 

As the grid potential of a three-electrode tube controls the plate cur¬ 
rent (the power for which is supplied by a local battery) it is (‘vidently 
applicable as a relay, the signal voltage controlling the (l(‘livery from the 
local power supply. When profKTly adjusted tlu* grid circuit takes an 
extremely small power to operate, so that comptired to the amount of 
power used in the grid circuit the amount controlhni in the plate circuit 
may be thousands of times as great. 

If the grid circuit is adjusted to tak(‘ no pow(T its^'lf the power ampli¬ 
fication is infinite; it must Ix' remembered, howc'ver, that to o|X'rate the 
grid circuit certain coils, conden.sers, and resistance's are n^quirc'd; taking 
the losses in these necessary associated circuits into account the power 
amplification Ls not infinite, but it is wry large (‘V(*n th(*n. Thus a certain 
tubc^ used in telephone circuits a.s an amplifying rejK'ater has a {K)wer 
amplification of alx)Ut one thouswind time's. 

If an alternating potential difference is impresse'd on the grid of a tul)e 
the plate current periodically increases and decn'ases. Thus pulsating cur¬ 
rent in the plate circuit may Ix' made to produce' fluctuatie)ns in the griel 
potential by me^ans of a suitable transfonne*r, the* primary of which is ce>n- 
nected in the plate circuit and the secondary conne*ct(*el between the fila¬ 
ment and grid. If a suitable coneJen.s(.*r is connecte*d across either the 
primary or secondary winding to give a natural pe'riod to the circuit, the 
fluctuations in thp plate current will lx? maintaine»d by their action on the 
grid potential. 

With this arrangement then the plate current fluctuates Ix^tween cer¬ 
tain maximum and minimum values, the voltiige of the grid alternates, 
and in the condenser (no matter which circuit it is connected with) an 
alternating current flows. The device thus becomes a generator of a.c. 
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power; it might perhaps be more properly called a converter for changing 
c.c power into a.c. pow(‘r. Tha fre(|uency of the alternating current is 
fixed by the L and C of the oscillatory circuit, and the amount of power 
available depcmds on th(‘ average value of the plate current and the voltage 
of the battery or generator sutJplying the current. 

A triode may be op(Tating as a converter, to produce high-frequency 
currents for radio signaling. Now it may be dc'sired to vary the amount 
of r.f. pow(‘r in accerdancc' with voice waves, that is to carry in radio 
telephony. Tli(‘ niinuti' powcT of th(‘ voice* waves is amplified suitably and 
then by m(*ans of a se^cond triode suitably connected in the plate or grid 
circuit of the* first, this voie*e e‘ne‘rgy contre)ls the ejutput (perhaps many 
kile)watts) e)f r.f. pow('r. A trioele thus use*d, to control the output of 
ane)ther, is e*alle*(l a modulator. 

Various Types of Tubes.—According to the purposes for which they 
are* to be* use‘(l many dilTcrent type*s e)f tube‘s have be*e‘n evolved. Tubes 
ele‘signeel for ele ti'e-ting high-fre‘e|ue‘ncy eairrents need to have a power out¬ 
put of only a ve*ry small fractie)n e)f a watt; they are generally fitted with 
small lilame*nts, })e‘caus(‘ but little emi.<sion is required and the voltage 
r.sed in the* plate* circuit is low. Typical tube's use a filament current ef 
0.25 am|)e*re* at 0 volts and use* a plate battery e)f al)e)ut 45 volts. Tubes 
used for amplifie'rs an* mure* ge‘ne*rally highe‘r ]:late voltage, perhaps ICO 
e)r 200 ve)lts; the* size* of tllame'iit is about the same* as used for a detector 
tube*. d'ube*s u.'<e*d for g(‘n(*rating j)ower are de‘signed for higher plate 
ve)ltage, fre)m dOO to 20,000 volts; as the* ameamt of power available de|)ends 
upeen the value e)f plate* curre*nt anel this in turn upon the emission, the 
filame'iit is much large*r than in the* am|)Iifie*r anel eletcctor tubes. A 5-watt 
tube* (e)Utj)Ut) miglit re‘(iuire* a filame'iit curre*nt eif 1.0 ampere at 6 volts; a 
500-watt tul>e* might re*e|uire 0 am|K*re*s at 20 volts. Later a tabulated 
list e)f ratings for various tube's will be* give*n. 

The* griels u.'<e*el vary fre)m a ve'iy fine me*sh of the finest tungsten wire 
eibtainable* (weninel 40 pe*r cm.) tei a lattiee* weirk of cemiparatively coarse 
wire sj)ae*e‘el abeeiit A pe*r e in. I'he griel may be fiat or cylindrical according 
te) the* feirm eef lulie*. 

d'he* plate's use*el are* eif varieius forms; th(\v vary from a short zigzag- 
shajH'el tungste'ii wire* pe*rhaps 5 cm. leing, or a small thimble about 0.5 
cm. in eliame*te*r anel 0.5 e*m. le>ng te) two lu'avy plates about 5 cm. square. 
I'he mate*rial use*ei for the* griels anel plate*s of air-ce)oled tubes is generally 
nickel or tungsten or me)lybele*num; the air-cooled tubes designed for 
gene*rating mue*h pe)we*r are* likely to have all of their metal parts, fila¬ 
ment, griel, anel plate e)f tungsten. 

In Fig. dl are* shetwn seiine e)f the me^re common tubes: A and B are 
power tube's of 50- and 250-watt ratings, ivs|x*ctively; C and D are small- 
power tubes designed for an a.c. output of about 4 watts, E, F and G 
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serve as either detectors or amplifiers; // is a De Forest audion of the 
original type, / is a cylindrical tul)e made for amateur use; J is one type of 
Marconi tube; K and L are two amplifying bulbs, the latter having 
extremely fine grid and very smal Iplate (a nearly invisible zigzag wire); 
M is a special tube with grid brought out at tip of tlie bulb. The former 
tubes are of American manufacture; at A" is shown an English power tube, 
at O a special French amplifier bulb and at P a small luiglish detector and 
amplifier tube. At Q is shown a spi^cial type of tube called a dynatron, 
explained on p. 655. ^ 

Some tulx's are designed with hot cathode's in the form of filaments, 
carrying continuous curri'nt or alternating current. Many are built with 
the electron-emitting surface' in tl;e fe^rm e)f an oxieh'-coated cylinder, which 



Fio. 31. VaruHis fyi)08 of air-<'(K)le‘<l tul)€*8. 


is indirectly lu'ateei (Fig. 21). 'I'lie* tube's e)f a radio n'f'eiver fe)r the most 
part have to hanelle vf'ry minute amoimts eif pe)we'r, nu'a.sure'd in micro¬ 
watts, ejr micro-microwatts. It isevielent that such tulK's can 1 k' designed 
in any de.sireel manner, with practically no n'garel for plate berating, etc. 
The last tulx' of the se'ries, he>wever, the sexcalleel “ output tul)e,’' must 
furnish sufficient power to opf'rate a haid .sjx*aker, from a few milliwatts to 
a few watts depe'nding u[K>n the tyfx' of pre)gram. (An average loud 
speaker volume is obtaineel with 50 milliwatts input to the speaker.) 
This output [nix' may then'fore uw 8<*veral wjitts of power, so that tem¬ 
perature rise of internal tulx? parts must Ix' considered. 

’ For a historical sketch of the change in lul>e design during the past ten years see 
‘‘Recent Trends in Rc*ceiving TuIkj Design/' by Warner, Ritter, and Sehmit, I.R.E., 
Aug., 1032, p. 1247. 
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Limits of Operation of a Tube. —There are in general two limiting 
factors in the use of a vacuum tube—overheating and consequent collapse 
of the parts or of the bulb itself, and ionization of the residual gas in 
the tube. It is impossible to completely evacuate a tube so that some 
gas is always present; if too high a plate potential is impressed or too 
high a filament current (with fairly high plate voltage) is used this resid¬ 
ual gas will ionize sufficiently to change the operating characteristics of the 
tube by an amount depending upon the amount of gas present. 

With a tungsten filament tulxi the evacuation process is carried out 
more thoroughly than with the oxide-coated filament so that destructive 
ionization is not lik(‘ly. The limit of the tungsten filament tubes (aside 
from the prescribed limit for filament current) is the safe heating of the 
plate and grid, giaierally th(‘ plate, because^ the grid circuit is so 
adjusted that the grid takes but little current. This heating is due to the 
power, used in accelerating the (‘lectrons as they move from the filament 
to the plate, being given up when the electrons are stopped by hitting the 
plate; the phenom(*non is calk'd electron bombardment. The amount of 
power so used on the plate is etpial to the product of the plate voltage and 
the plate current; if this product varies cyclically (as it actually does when 
the tube is being used for pow(*r converter), its average value must be 
taken in calculating the amount of power used in bombarding the 
plate.' 

With many of th(‘ tul)es in common use today a thoriated tungsten fila¬ 
ment is used inst('ad of pure tungsten. As was explained on p. 467 if this 
type of filament is too heavily bombarded by positive ions the layer of 
thorium is disintegratc'd and the filament ceases to give appreciable emis¬ 
sion. The tul)e is thus ma(k‘ inoperative, not due to excessive heat of 
either filament or plate, but to change in character of the filament surface. 

The siife jxiwer to lx* used in bombarding the grid is much less than 
that for the jdate, for two reasons; the surface of the grid is generally 
much smaller than that of the plate, and the possibility of heat radiation 
from the grid is less than that of the plate. 

The large tulx' shown at By Fig. 31, has a rating, for example, of 250 
watts plate and 25 watts grid. Thus a plate current of 0.25 ampere 
(steady value) would Ix' ix^rmissible with a plate voltage of 1000 volts, 
and with this amount of power used in the tulx' the plate becomes quite 
a bright red color. Tlie two tubes shown at C and D have a safe plate 

‘ A lx)m!)ardrncnt equivalent to 10 wattx per square centimeter of a smooth plate 
will bring its tenqx'rature to about 1300^’such a tenqx'rature gives the plates a 
fairly bright red color. By pro|>erly roughening and darkening the plates to increase 
the nwliation coefficient, much more power will be sent off at the Simie temperature. To 
keep the plate of an nir-ewled tube down to a safe operating temrx'rature, however, not 
more than 6 watts |x*r 8<iuare centimeter of plate should be allowed; too high a plate 
temperature liberates gas from the plate metal and spoils the tube. 
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capacity of 12 watts; with a plate voltage of 300 (their rated value) the 
average plate current should not exceed 40 milliainix*r('s. 

In Fig. 32 is shown the largest com¬ 
mercial American air-cooled tube; 
the glass bulb is 6 in. in diameter. 
The plate of this tube is large (‘nough 
to dissipate 1000 watts of power, in 
addition to the 210 watts of filament 
power, practically all of which has 
to radiate from th(' plate. 



Pig, 32,—The largest air-ro<)h‘<l tut>e at 
present pr(><Juce<l commercially in the 
United States. 


Filament VoltaKC. . . 

Normal Filament Currrrit . . 

AveraKe characteri-iticjt <»n pl.itc 
.3000 volts and Kr“l l»as of - 

Plate Current. . 

Average Plate Resistance. 

Amplification Constant. 

Approximate Oirect Interelectrode 

Plate to Grid. 

Plate to Filament. 

Gnd to Filament. . 

.Maximum Operating Plate \'olta({e 
Negative Grid Bias for uhove 
Plate V'olta*(e , . .... 

Continuoua Plate dissipation. 

Peak Plate dis.dpati»»fi. 

Maximum Overall Lenulh. 

Diameter of Bulb. 


10 v<»lts 
Jl amperes 
V olfaKe of 
-J(K) v<»lts 
.'AftO amperes 
. iStJOohrii.H 
... 10 
( ’apacit les 
. 17 mmf. 

7 0 • 

. iry 4 " 

ruxxi v(»its 


. 275 volts 
IfXK) wafts 
1200 watts 
, . 2m ms. 

, , , ,6 ms. 



Fig. 3.3. Oinvr-ntitm.il crtMW-sot'tion of n 
modfrn watpr-<()oh*d tulw; the ropjXT 
tube A (which r<>nstitut<*H tht^ plate) is 
w*ale<l to the ^?la.s.s part C (\ at the 
featJier edj^e li H. 33iis const ruef ion 
fiermif.s an air-tiKht seal. The copfXT 
tube is about i*^* diick. 


Water-cooled Tubes. —In jittcmpt.s to incrojiso the possible power 
output of a triode the heating of the plate constitutes the limiting factor. 
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Not only the plates themselves become prohibitively hot, but the glass 
bulb itscdf becom(‘s so liol from the heat radiated from the plates that it 
is likely to collapse*. Bulbs of fusc‘d (juartz have been used, but even this 
expedient peTmitted an output of only 1 or 2 kilowatts. 

The real step in advance was made when the plate was used as the wall 
of the vacuum tube itself; in this d(*sign it is possible to submerge the 
cylindrical plate in cooling water and wh(‘re only a few hundred watts 
could be dissipated from the interior type of plates, the external plate can 
carry off a great many kilowatts, and the possible power rating of triodes 
was extended into hundr(*ds of kilowatts. 

Fig. giv(‘s a conv(*ntional cross-s(.‘ction of the modern water- 
cooled tulx*. The plat(‘ of the triode is in the form of a heavy copper 
cylinder, Ay op(*n at the* top and drawn out to a feather edge B-B. The 
heavy glass tube, C (\ is s(‘al(‘d to the tubular plate at B-By the joint 
being air tight l)(‘cause of the low tcaisile strength of the thin edge. 

This sfM'cial m(‘tal-to-glass s(‘al was the one factor that had previously 
h(‘ld up the d(*v(‘lopm(‘nt of high-power tubes. Ordinarily a copper- 
glass s('al will hn'ak wh(‘n cooling diu* to the different expansion coeffi- 
ci(*nts. But by making tin* copp(‘r in(*chanically weak at the sealing 
edge, B By it do(‘s stick to tlu* glass in spite of the force tending to 
bn'ak it loose. 

The filaiiK'iit, F, is g(‘nerally a spiral of tungsten wire, led into the 
tulx* at the airtight s< al //. As th(‘S(* filanu'nt wires are necessarily hea\^", 
tlu* nu‘tal-to-glass joint h(‘re also is made in the special manner, using 
a f(*ath(*r-<‘dg(‘d coiu* of cop|K‘r to si*al to the glass. This small cone is 
w(‘lded to the filament win* (which pa.sses through the apex of the cone) 
in tin jiir-tight joint. To prevent the intense* heat radiation from the 
filament, ov(*rh('aling tlu* joint at //, little btiffle plates, /, are fastened 
to the filmu’nt lead-in wires. Tlu* grid (/, in the form of a spiral, sur¬ 
rounds tlu* filam(*nt, and its connection (for the outside circuit) is brought 
out of tlu* glass tiihi* at J, In usi* the tube o|K'rates in a vertical posi¬ 
tion, the plati* A fitting into a small tank through which cold water is 
rapidly circulati'd. Tlu* collar, /v/v, serves to support the tube when 
I)lac(*d in its cooling tank. 

Tlu* v(*ry high voltage lK*tween plate and filament would be difficult 
to control, it would sei'in, because of the water-circulating system. How¬ 
ever, by making tlu* watc'r connections between the cooling tank around the 
plat(* and tlu* wat<*r supply (which is ordinarily grounded) of long rubber 
hos<*, the amount of leakage* current from plate to ground is only a few 
milliam|K‘r(*s, in spite of tlu* fact that the plate is generally about 10,000 
volts above ground. It might of course seem IxMter practice to ground 
the [date, and so let the filament ojx'rate at a negative potential of about 
10,000 volts, but apparently this scheme is not desirable. 
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The water-cooling feature makes it possible to use a very compact 
design for these tubes; a 10-kw. tube for example might have an overall 
length of 18 in. the plate A being 2^ in. in diameter and 10 in. long, of J in. 
copper. The filament might use 50 amperes at 20 volts and the normal 
voltage between plate and filament might ha 15,000 volts. 

The largest commercially produced triode of this type is shown in 



Fia. 34.—Grid assembly for a 100-kw. water-roob^d triode. 


Figs. 34 and 35.^ The spiral grid, Inside which the hairpin filament 
assembly is to mounted, is shown in Fig. 34; rigidly fus<Hl to the grid 
support is a heavy quartz rod, projecting above th(‘ grid in Fig. 34. (When 
the triode is assembled this rod is below the grid and filament.) On top of 
this rod is a molybdenum disc which is slightly smaller than the inside 

^ Radio Engineering, Dec., 1031. 
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diameter of the tubular plate. When the grid-filament structure is inserted 
into the plate (Fig. 35) this disc scarves to hold the lower end centrally in 
the copper tube. 

The copper-to-glass special seal has already l^een made, so that the 
last step in the assembly is the fusing together of the two pieces of glass 
tubing, {IS indic{ited in Fig. 35. After this is done the tube is connected 



Fiu. 35.“ Ljust stop in the assembly of the 100-kw. triode the grid of which is sho\Mi in 

Fig. 34. 


to the pump system and is propt^ly evacuated. In the accompanying 
table are given idl the mechanicjd and electricjd constants of the 100-kw. 
tube and for conipjirison the corresponding contents of a 10-kw. water- 
cooled tube. 

A somewhat later design of high powered tube uses a double-ended 
construction. The water-cooled plate is d in. in diameter {ind 26 in. long; 
both ends of this copjx'r cylinder are machined to a thickness of only 
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0.003 in. for sealing to the glass ends. The grid of this triode is water 
cooled, as well as the plate, and it is capable of generating 200 kw.^ 


General Infohm.\tion 

UV S(i2 

i;V-207 

Filament voltage. 

33 0 

22 0 volts 

Current. 

207 0 

52 0 amps. 

Type—Tungsten 

Average characteristic values: 

Amplification factor. 

■IS 

20 

Plate resistance. . 

2,S(K) 

3,500 ohms 

Grid-plate transconductaia-e. 

17,150 

5,7(M) /Li mhos. 

Approximate direct inter(‘lectiH)de 
capacities: 

Plate to grill. 

SO 

•-’7 

Grid to filament. 

52 

IS mm/ 

Plate to filament 

•> 

2 

Maximum overall dirniaisidn.:: 



Length. 

VA): 

20 J inche.s 

Diameter. 

C>1 

inches 

R.F. Power Amimjkiek --Cla>.s 1>: 

Maximum o|)erating d.c. plate Noltagc 

20,000 

1, ■),(»)() \nlt.S 

Maximum unmodulated d.c, plate current. 

5 

1 amp. 

Maximum plate dis.sipation 

HK),00() 

I0,(K)0 watts 

Maximum r.f. grid current. 

t;o 

30 .amps. 

Typical ofx'ration: 

Plate supply voltage. ... 

IS 

12 kv. 

Unmoilulated d.c. plate current. . . 

1 20 

0 IK) .amp. 

Peak output. 


1 f.(MK) w.atts 

Carrier outf)utMod. factor 1 

25,(KK) 

3,5(K) watts 

Oscillator and R.F. Power .Vmim.iher 

Cla.^.s C: 


Maximum unmodulate<l d.c. plate volt- 

age.'. 

20,(MK) 

1 a/HK) v.ilt.s 

Maximum d.c. plate current . 

10* 

2 .amps. 

Ma.xiimini d.c. griil current. 

1 

0 2 amp. 

Maximum plate di.ssipation . . 

KKVKM) 

10,(KK) w.atts 

Maximum r.f. grid current. 

tiO 

30 .'imps. 

Typical of)eration: 

Plate supf)ly volt.ige . 

IS 

12 kv. 

Output. 

100,(MK) 

15,(MK) watts 

* If plate rrifxliilatiorj in iiHe.l, fit'.uio (im iiKare :»v 1 t fM' 

r,<lul(it ton 

'•ri fu flip uiaxii 


plate currerit. 


It is report(‘d that in l^nglaiid a oOO-kw. watrr-coolrd tube has been 
^uilt.^ This tube d(H's not have an air-tight seal Ix'tween its in(‘tal and 
insulation portions, but is always used with a ditTusion pump in opera¬ 
tion, to keep its vacuum as low as necessary. The diffusion pump us(*s 

* I>e«<'rit>e<l hy Mouromiflcff in I.R.E., May, 1932, p. 783. 

* Radio Engineering, April, 1932. u. 17. 
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oil instead of mercury and requires no liquid air trap to make it function 
properly. (See p. 499.) 

The amount of water required for these tubes depends of course upon 
the temperature of the water and the power being used on the plate. From 
12 to 25 gallons per minute for a 100-kw. tube is present practice. The 
water must not have much dissolved mineral matter; its resistance should 
be at least 4000 ohms per cubic centimeter. 

With an active circulation of water the plates of a water-cooled tube 
can dissipate 70 to 80 watts per square centimeter of plate. 

Special safety devices must be used with these tubes, due to the fact 
that if the water supply fails for a few seconds, the plate will be melted, 
so great is the energy of electron bombardment. 

In these power tubes the grid connection, where it comes out through 
the glass, must be kept well aw^ay from the filament lead-in-wires; thus it 
would be a poor design in Fig. 33 to bring the grid lead, J, out through the 
same place, //, w’here the filament wires go through. The hot glass between 
grid and filament leads, for such construction, w^ould electrolyze when the 
tube was in operation and this w^ould result in leaky joints. 

Effect of Gas in a Vacuum Tube.—Ionization. —The modern vacuum 
tube is a true electron relay; it functions entirely by means of the stream 
of electrons emitted from the filament, and these electrons in motion 
constitute the only current in the tube. This ideal is not quite realized 
by any vacuum tube, but it is so nearly approached that whatever other 
current may exist is so small as to make its effect negligible when consider¬ 
ing the action of the tube. 

The earlier types of vacuum tubes (Fleming valves and Deforest 
audions) were not at all well evacuated in the light of modem practice; 
there was a deal of gas left in the bulb at the completion of the evacuation 
process and this gas made the tubes very erratic and undependable in 
their behavior.^ Not only would various bulbs, .supposedly similar, have 
very different characteristics, but any one bulb would not act consistently, 
and many tricks had to be employed to make the bulbs perform to the 
best advantage. 

An exact study of the effect of gas in a vacuum tube cannot be given 
here; only those points which bear directly on the operation of the tube 
in radio practice will be outlined. The student is referred to some such 
book as Thomsons ^^Conduction of Electricity through Gases’^ for a 
more thorough analysis than will be attempted here. 

A cold electrode in a vacuum tube, unless subjected to considerable 

' It is quite evident, however, that Fleming appreciated the necessity of a high 
vacuum to make the tubes constant in behavior; the suj)eriority of present evacuation 
is due not so much to any conoeption of its importance, j)erhaps, as to the better pumps 
now available. 
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electron bombardment, will not give off electrons in appreciable Quan¬ 
tities; thus in a two-electrode tube if the plate is made negative with 
respect to the filament no current will flow, because if the plate is made 
negative any current which flows from plate to filament must be caused 
by electrons leaving the cold plate. PJxperiment demonstrates the truth 
of this statement; if other possible carriers of current are eliminated (such 
as actual leaks inside or outside the tube, or gas inside the tube) the 
amount of current which will flow is too small to be mciisured unless exces¬ 
sive voltage gradients are employed. (See Figs. 1 and 2 of this chapter.) 
We may safely conclude that when a cold electmde (either grid or plate) 
of a tube shows current in such direction as to indicate electrons flowing 
from it, inside the tube, the tube has in it gas which is serving as a conductor 
of current,' This statement neglects the possibility of sc'condary emission 
of electrons due to excessive bombardment by electrons coming from the 
filament; this effect will be treated in a later paragraph. 

Ordinarily a gas is a good insulator and will not carry current, but 
when under rather low pressure it may Ik? made to carry very large cur¬ 
rent if by some means it becomes ionized. By this term is meant the 
breaking up of the normal gas atom into tw^o parts, a free electron and 
positively charged nucleus; this breaking up of a gas atom corrosj)onds 
to the break-down^' of any ordinary insulator when it is subjected to 
too high a potential gradient. 

In a Geissler tulx? the gas bc'comes ionized (showing the well-known 
blue glow) only when rather high |K)tentials are listed, generally several 
thousand volts. Now in the vacuum fulx? us(al for radio receivers, high 
voltage i.s practically never us<h1; ionization of th(* gas in th(? tube may 
occur with voltages a»low as 30 or 40. d'his is diu* to the fact that the hot 
filament furnishes the electrons which by their motion (caused by the 
positive plate potential) serve to .start the ionization of the gas atoms. 
In a Geissler tulx? no such means is at hand for starting the ionization, 
hence the comparatively high voltage recpiired to show the effect. 

The role played by the electrons emitted from the filanuait in pro 
ducing ionization is easily shown by a simple t(‘.st. If a tulx? which is 
known to be faulty is subjected to nonnal platen potential with cold fila¬ 
ment, no plate current will flow and the tulx? will show no signs of ioniza¬ 
tion. Now if the filament current is gradually incretist^d, emission of 
electrons will commence and a slight plate curn?nt will flow, at a certain 
filament temperature, depending upon how much gas then? is in the tube, 

' It must be remembered that even with the hiKhent vacuum obtainat)le there is 
still a tremendous numlK?r of gas molecules in the evacuaU?d space; it is likely that in 
highest vacuum tubes used to-day (10"** mm. of mercury) there are of the order of 10* 
gas molecules per cubic centimeter. In the ordinary vacuum tulx) used in a receiving 
set there are about 10^* gas molecules per cubic centimeter. 
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the familiar blue haze will appear in the bulb, accompanied generally by 
a very large increase in the plate current, thus showing that the filament 
must be emitting a certain minimum number of electrons before appreci¬ 
able ionization of the gas occurs. 

If but a small amount of gas is present the pale blue glow may be so 
weak as to be invisible, but the presence of appreciable quantity of gas 
is generally shown by erratic changes in the plate current. 

Some oxide-coated power tubes show a bright fluorescence on the 
plate when being used, generally in the form of a pattern of the grid. 
It is easy to mistake this effect for ionization because of the blue color 
from the fluorescing plate; if the plate is hidden from the eye (by the hand 
or a piece of cardboard) it will be seen that there is no blue glow in the 
space inside the tube. The intensity of the effect of fluorescence depends 
upon the condition of the surface of the plate, which is generally covered 
with more or less oxide. 

Danger to a Tube from Ionization.—When a tube ionizes the con¬ 
sequences resulting de[X‘nd upon the type of tube being used and upon 
how (jiiickly the condition is removed. In the case of a detecting tube, 
or amplifying tube, the state of ionization will generally stop the function¬ 
ing of the tube, its characteristics Ixnng entirely different when the tube 
is filled with a semi-conductor (the ionized gas) than those of a normal 
electron tube. If either the plate voltage or filament current is reduced 
the ionization will disapjX'ar and the tube may operate as well (or possibly 
better) than it did before ionizing. 

In the ciuse of a power tube the situation is different; unless the plate 
fK)teiitial is immediately reduced the tube may be completely spoiled. 
Ionization practically never occurs in a tungsten tube because of the 
high degree of vacuum ordinarily used; the oxide filament tube is much 
more likely to suffer from it. In these tubes there is always a lot of gas 
in the metal parts of the tube, filament, grid, and plate. 

Now when ionization starts the electrons of the ionized gas travel to 
the plate, it being positive, but the po.sitive nuclei travel to the filament 
and subject it to a bombardment. This bombardment results in extra 
heating of the filament, generally in one spot, which extra heating tends 
to aggravate itst'lf and burn the filament out at this point. The hotter 
the filament the greater the electron emission, and also gas is Ukely to 
be emitted from the filament at this hot sjK)t; where the gas and electron 
emission both increases the ionization increases, increasing the bombard¬ 
ment of the filament at this spot, and thus by the cumulative action burn¬ 
ing it out. At the time the filament burns out it releiises a lot of gas 
which, Ix'coming ionized, may permit the passage of such a large current 
from the plate as to result in a miniature “ explosion inside the tube, 
completely wrecking the parts and breaking the bulb. 
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When a power bulb with oxide filament once ionizes it is practically 
valueless ^ until re-exhausted; the ionization itself will probably result in 
the emission of extra gas from the bombarded parts, so that the tulxj has 
much more gas in it after ionization than before. 

Evacuation of a Vacuum Tube.- —Because of the deleterious effects of 
gas the electron tulx' must be very carefully freed from any appreciable 
quantity of it. With modern pumps the getting out of the gas from the 
space inside the bulb is very simple and rapid but this is not sufficient. 
Metals, oxides, and glass absorb a deal of gas which gradually comes out; 
so that a tube pum|XHl “ clean will soon show gas because of its emission 
from the parts of the tube. This emission is very slow at ordinary temper¬ 
atures, so that a tube might Ix" punqx'd a long time without gc'tting suffi¬ 
cient gas from the parts to prevent further emission. If, how(‘V(‘r, tlie 
glass and metal parts are heated, the gas is expedh'd from them very 
rapidly, and this is the scluane used in (‘vacuating IuIk's; the whole tulK? 
is subjected to a “ baking ” proci'ss while connected to the pumps. 

Even before assembly the metal parts of a tulx' are baked to a red heat 
in an atmosphere of dry hydrogtai. Hereafter as the asscunbly proceeds 
the operators handle the metal only with cl(*an gloves, to prevamt contam¬ 
ination of the .surface by gn‘ase, etc. After assembly, when th(‘ comjdeted 
tul)e is on the vacuum machine, the metal parts an* first heatc'd by eddy 
currents induced in th(‘m by a solenoid carrying high-fre(|uoncy currents 
lx?ing placed over the tulx*. The eddy currents get the grid and plate hot, 
thus rapidly exix^lling tin* absorlx'd gases, and these* an* imm(‘diately 
removed by the pumps. Finally the filam(*nt is heated, at a temix*rature 
somewhat greater than nonnal arul the* plate* anel grid again heate‘d (this 
time by bombardment), thus again improving the vacuum. 

This heating during the evacuatiein process shoulel \)0 carrieel much 
higher than any temfx*ratun* at which the tulx* may e)p(*rate; thus if in 
practice the plates anel filame*nt o{x*rate a elull-re*ei he*at the*y shoulel lx* run 
for several minutes at a bright re*d heat eluring evacuatie)n. Tliis eiver- 
heating of the parts is regularly elone with tungsten tidies but it e*annot 1m* 
carried out to the* same eiegre*e with the oxiei(*-coated filament eir the)riate*el 
filament tulx*s. The ceiateel filament is easily spoilf‘el if subje*cte*el tei teiei 
high a temperature, anel this limits the possibility of complete evacuatiein. 
For this reason, as previously mentiemed, the eixiele'-coated jxiwer tulx's are* 

^ It may lx? Uiied, howevrr, for ^^cncratini^ a small amount of |X)Wcr, providing? the* 
plate voltage i.s kept Wiffieiently low; thus a STKl-volt tube whieh has ionize*^! badly may 
fM>metime8 lx? use^l by reMluriris^ the [ilate voItuKe to iMThaps 250. 

* For the mrxlem pump uwd se‘e artiede by Langmuir in (1. K. Review, I)e*c., lOPb 
For general ideas on evacuation see a series of artiele*s by Dushman in Vol 23 of the 
G. E. Review, 1920. In Vol. 24, pp. 5K OK, he treats adsorption by metals; pp. 244 252, 
adsorption by glass; pp. 609, et seq., the use of phosphorus for “clcan-up,’' and on pp. 
810 , et seq., be gives the general idea of "'eJean-up.’* 
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much more subject to destructive ionization during operation than are the 
tungsten tubes. 

Recently the engineers of the Bell Telephone Laboratories ^ have 
found it possible to use oil diffusion pumps in place of mercury diffusion 
pumps, with greatly improved action. Using two of these special oil dif¬ 
fusion pumps in s('ries, backed by a fore pump good for 10“'^ mm. mercury, 
with a charcoal trap at room temperature, they have been able to get, and 
hold for days, a pressure as low as 10"^ mm. No liquid air, or even ice, 
was found to Ix' necessary. The oil must be one which has a very low 
vapor pressure at room temperature; in England, Burch has used special 
oils known as Apiezon “ A ” and “ B,'’ and in America oils of the butyl 
phthalate class are used. It seems likely that such pumps will be used in 
the future, o}XTating continuously on high-power tul)es while they are in 
service. Tiilx‘s (lesign(‘(l for this method of operation do not require 
s|X‘cial glass-to-m(‘tal seals, and may be designed so that burned-out 
filaments can be easily replaced. 

(lenerally a tulx^ inteiuUal for amplifying purposes in a receiving set is 
finally evacuat(Hl to a pressure of 10mm. of mercury (from 0.01 
micron to O.OOl micron of pn^ssure). After a tulx' is used gases are liberated 
from its parts and this would Ix' deleterious, especially for thoriated or 
oxide-coat(‘d filaments. To care for this a small piece of one of the volatile 
alkali mentals is put in the tulx' during the process of assembly and, after the 
tulK‘ has iK'en evacuated and sealed up, this is volatilized and condenses 
on the inru'r surface of th(‘ glass bulb, giving the latter the well-known 
silviT ajipearance. This fn'slily deixisited nx'tal acts effectively like a 
sponge for any appreciahh^ gas which appears in the tulx', adsorbing the gas 
as fast as it apixairs, 'Hiis “ getter,” as it is calk'd, thus protects the fila¬ 
ment surface from becoming contaminated (poisoned) by gas ions, under 
which condition its emissive power would be much reduced. 

The “ gi'tti'r ” scheme for obtaining the final vacuum is employed on 
all small tulx's used in radio receivers, and in general it is used also for 
power tulK\s which have oxide-coated, or thoriated tungsten, filaments. 
For the largest tul)es, using pure tungsten filaments, final evacuation is 
obtained by the pumps, with all parts of the tube, including the glass, as 
hot as is {X'rmissible without danger of collapse; no getter is used in these 
large tuln'S. 

Detection of Gas in a Three-electrode Tube. —In general ga^^ shows 
itst'lf by causing erratic changes in the plate current, as either the filament 
temperature or plate voltage is varied. Thus with a fixed plate voltage 
and low filament temperature there may be no appreciable ionization, 
but when the filament current exceeds a certain value, a sudden increase 
in plate current occurs, ^and a light blue haze may appear. With the 

* Becker and Jaycox, the Review of Scientific Instruments, Dec., 1931, p. 773. 
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appearance of this blue haze the plate current may jump to ten times its 
proper value. This ionization phenomenon is not constant in its occur¬ 
rence, as evidenced by Fig. 36, in which are shown three curves from the 
same tube, one after the other. Curve 1 was taken first; ionization set in 
with plate potential of 40 volts, causing a large increase in plate current, 
which value was maintained for one minute. The plate voltage was then 
reduced to zero and again increased, and with same filament current as 
before, ionization set in at 60 volts, indicating that during the maintenance 
of the ionization current previously, some of the gas has been occluded in 
the glass walls of the tube or elsewhere. This idea is substantiated by the 

fact that when ionization did 
set in (somewhat above 60 
volts) the current jum{X'd to 
only 1000 microamperes, 
wher(‘as previously it had 
gone to 1200 microamperes. 
In a .short time the ioniza¬ 
tion ceiised, as indicated by 
disapp^'arance of the blue 
haze and decrease in plate 
current to an even lower 
value at 66 volts than it had 
at 60 volts Ix'fore ionizing. 
UjKm again incrcuising the 
voltage the curnmt followed 
the values shown. UjK>n 
dropping the plate voltage 
once more to zero and going 
through the same range as 
before* the plate current varied 
as shown by curve; 3, no ion¬ 
ization at all occurred. This 
action is quite typical of 
clean themsedves of any gas 

present in the bulb. 

In Fig. 37 is shown a peculiarity of a tul)e having a small amount of 
gas present; a kind of hysteresis cycle occurs, the curr(*nt not going 
through the same values for decrea.sing plate voltage as for increasing 
plate voltage. This was probably causcnl by a change in the surface of 
the filament. At voltages higher than 15 this tulx showed a drooping 
current-voltage curve, which means that its a.c. resistance (for limited 
values of impressed alternating e.m.f.) is negative; as long as it held this 
characteristic, this tube might be used as a two-electrode tube for pro- 



put- voltage 


Fio. 36.—Disiippearancc of gas from a 

curv'cs were taken in the order 1 2 3; ioniza¬ 
tion showed on the first curve, to a leaser ex¬ 
tent in the second and not at all in the third. 

tungsten filament tulxs; they tend to 
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ducing oscillations, its operation being the same as that of a Duddell sing¬ 


ing arc. 

The normal variation be¬ 
tween plate current and grid 
voltage in a three-electrode 
tube gives smooth curves, but 
if gas is present abnormal 
shapes may be obtained. Fig. 
38 shows an effect of this kind 
and for each of the plate volt¬ 
ages used a “ hump occurs 
in the plate-current curve. 
The position of this hump 
shifts to different grid voltage 
for the different plate voltages 
used in the test. 

In Fig. 39 is shown a more 
striking (‘xample of this same 



Volta on plate 

Fiq- 37.~In this tul>e the effect of the gas present 
was to 80 alter the emitting properties of the 
filament that the Siituration current was appre- 
ciahly different with increasing and decreasing 
plate voltages, showng probably change in 
emissivityof the filament. 


peculiarity, d'ho curve is for a woll-pumped modem tube using tungsten 


filament; it is undoubtedly due to the presence of mercury vapor in the 



-6-4 -2 0 ^2 -tlO +16 

Grid potential 


Fiq. 38.—A small amount of gas in a three- 
elect rode tubemay protluce monger les.s regu¬ 
lar ^‘hum|>s" in the plate-current curve. 


till ) 0 . If a inerciiry-vapor pump 
is used for evacuation, some of 
the mercury vapor will be left 
in tlie XnlyQ unless a proper freez¬ 
ing trap is used. If a tube 
slu)wing this effect is used for a 
detector of radio signals it is 
remarkably sensitive if adjusted 
to just the right grid potential 
l>v a suitable jxitentiometer.* 

If a tul)e is completely freed 
from gas the current to the grid 
will not reverse when the poten¬ 
tial of the grid is nnide negative. 
Ev('n in a very well-pumped 
tube, however, there is a slight 
reversed current to the grid 
when the grid is negative, caused 
by the positive ions of gas in the 


tube. This grid current depends 


^ It must be rememl)ered that when the tul>e i.s subjected to very high'-frequervey earta- 
tions in it« jiotcntial it is quite likely that the piate current d(x« not vary in the manner 
indicated by the curve obtainetl in d.c. tc.st, such as that given in Figs, 37 and 39. 
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upon the gas present being ionized by the electron flow to the plate and is 
zero if the electron flow is zero. The more plate current there is the more is 
the gas ionized and hence the greater is the grid current. 

The effect is shown in Fig. 40, which shows the grid current in a well- 
pumped 250-watt tungsten tube; it is seen that for plate voltage of 100 
the reversed grid current is much less than it is for a plate voltage of 200; 
this is due to the lower plate current at the lower plate voltage producing 
less intense ionization of the gas present. As the grid potential was 
increased (in the negative direction) the grid current decreased instead of 
increasing as might be exjx‘cted. This is due to the decrea.se of plate 

current with the 1 ow(T grid po¬ 



tentials. 

A tulx^ having considerable 
gas in it may mad(* (‘xtrernely 
sensitive as a d(‘tector if ad- 
justf^l with a plat(* or grid 
voltage nearly suflicient to 
produce ionization; the slight 
increase in grid potential du(‘ 
to th(' incoming signal may 
tluai caus(* ionization to occur 
with a r(‘sultant gr(‘at increa.sr‘ 
in th(‘ plat(‘ curiuMit. Such 
tul)<‘s an' naturally more critical 
of adjust iiKUit than ii triu^ 
vacuum tul)(‘ and for tliis 
mason will probably not 1 h‘ 
very ix>pular in spit(‘ of their 
greater* s(! ns i t i v i t y. 'i'h(‘ 

mod(Tn high-vacuum tulx^ usc'd 
as a dcUector is much more 
d(‘{X‘ndable as a d(*((*ctor, (‘ven 
if less .sensitive*; its compara¬ 
tive lack of sensitivity can \)o overcome by using more amplification 
in the receiving .se*!. 

Several detailed studies of ga.s-content detector tulH*s have recently 
been made, notably thfjse of Brown and Knipp.* 

Tubes with Four Electrodes. Although the thre(*-<*lectr()de tulx^ 


Fio. 39. — Showing' the of a nriKill afiioiint 
of in j)ro<lurMnK a wfllHiotinod ‘hump" 
in tho platc-cum-nt rurvr. 


^ Sco ‘'MkaJi Vapor Detector TuIk's," hy Huj^h A. Brown and Chns. T. Knip{), 
University of Illinoi.H Bulletin, Vol. X.\I, Nf>. II. For oftrilloKniihic rcrordn of the 
age of fca«-coritent tulx;« mn* "Ownllogniphic Study of Electron Tulx* Chunicterwtic'a, 
by E. Leon Chaffee, Proc. I.R.E., I>ec., 1922. 
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(triode) was a great advance over the two-electrode tube (diode) it did 
not mark the limit of possibility for this type of apparatus. A four- 
electrode tube (tetrode) may be much better ^ , - -, , . 

than the triode for certain purposes, and several | ;—i~]-t-- 

such have been d(*signed and are now extensively [ I 

used. Furthermore, considerable advantage, so j j--- jj 

far as possible j>ower output is concerned, is ; i Zj/^ 

gain(*d by using still another electrode, making a ^ 1_H_ 

fiv(‘-(d(‘ctrode or iKmtode. Further men- | ! | | I— 

tion of the\se multi-grid tulx‘s will be made later i 1 _! ! I : i i ff ^ 

on, after the characteristics of the triode have j ; t | i F 

b<‘en analyzed. "J '' V ' It 

Characteristic Curves for Three-electrode f- ' i-) j -: -i-i /^ 

Tubes. The so-called “ static characteristic J 
curv(‘s of a tlir(‘e-(‘lectrode tulx' show how the ! i 1„I_ 1 i |fJ 

plate current and grid current vary as the grid ] [—} * ; S 

poUaitial is changt‘il over a sufficient range to 17_ j j 1 

cause the plate current to vary from its maximum i- - -- | t i ^ 

o[)(*rating valiu' to Z(‘ro, the plate potential being p: i ZZ //t Z^^ °° 

constant while the s(Ties of points for the curve * . -ZjJ : 
is b(‘ing obtained, 'the ^aine curves are taken t j 

for .sev(‘ral values of plate potential. . . _ 4__1Z j/ s * - 

Anotlu'r se.t of curves is sometimes used - 

showing tilt* variation of plate and grid currents ; Z/^ZZiZ 


(jRlU CUKKtNT IN VVtLL E/ACU^TEiJ luKJbltN 
j WITH TWO DIFFERENT PLATE POIENTial^ 


IJ lU S 6 I * 2 — 0+2 4 

Oi iii i)oloiilial (to m*irati'o cmuI of illanionts) in volU 

Fio. 40. Even in (ho vory high Viiouum tubes the Krid shows a reversetl current when 
its |>4)(on(ial is negative; (host^ curves an* for a 250-watt power tube having a high 
(lt‘gr(*e of evaeuat ion. 


as the plate potential is varied from zero to its maximum safe value, 
the grid potential rtunaining constant, a series of such curves is obtainec? 
for various grid potentials. 

Another, and probably more useful, set of curves show how the plate 











Piuto cLinvui iiiicTouirip»rc9 
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and grid currents vary as the grid potential is varied, the plate potential 
varying, during the process of getting the curve, in the same way it does 
when the tube is actually used in a detecting or generating circuit. When 
being used the three-elcctrode tube always has an impedance of some kind 
in series with the plate circuit. The value of the voltage used in the 
plate circuit is constant, not varying as the grid potential is varied, by 
signal or otherwise; it is therefore evident that as the grid potential 
varies, thus varying the current in the plate circuit, the plate potential 



Ori<l potential 

FiO. 41.—An olrl l)f» Fon*Ht auflion, nftf-r h'inn wHl fvacuatp<l and ImkotJ, «how«i ju«t 
us regular charaeteri.stirM aa lh<? tiKxlern luix*. 


must vary Ix^cau.se it is equal to thc^ plate-circuit voltage minus the drop 
in the series imp<;danc(‘, and this drop varies with the grid |)otential. 

This last set of curv'cs is the one which most readily pt^nnits the pre¬ 
diction of the behavior of the tube. A n‘sistance should l>e put in the 
plate circuit equal to that which is used when the tulx^ is actually operating; 
a plate-circuit voltage should l^e used such that when the grid is sot at 
the same potential as its average potential under operating conditions 
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the plate current is the same as its average operating value. The plate- 
circuit voltage is frequently called the “ B ” battery voltage. 

It has become customary in speaking of grid potential to refer the grid 
to the negative end of the filament; unless otherwise stated all the curves 
shown in this text are so given. In case the characteristics are desired 
when the grid is connected to the positive end of the filament it is only 
necessary to move the “ zero grid potential along to the right, on 
the curve sheets as given, by an amount equal to the IR drop in the 
filament. 

In case the filament is heated by alternating current the zero potential 
point is taken as the mid-tap of the tran.sformer winding supplying the 
filament power. (Sc^e Fig. 23.) In 
case a “heater tyjx}'’ of tulx' is 
used the el(‘ctron-('mitting cathode 
is taken as zero potential. 

In Fig. 41 is shown a set of 
plat (‘-current curv(‘s from an old 
D(‘ For(‘st audion, after it has b('en 
re-<'vacuat(‘d to take off all pos-^^ible 
gas. The plate circuit had no 
ad<led resistance (‘xcept that of the 
H l)att(‘ry, which was so low that 
th(‘ variation in plate current did 
not appreciably affect the plate 
potential. On the curve sheet is 
shown th(‘ locus of the “ fri'e grid 
potential,” i.e., the potential at 
which the grid s(*t its(‘lf when its 
external terminal was completely 
insulated. This jxiint will be 
taken up in more detail later. 

For the tuLw^ us(‘d in getting the curves of Fig. 41 it will be noticed 
that the grid voltage was more effective (in controlling the plate current) 
than the plate voltage in the ratio of about 2 to 1. Thus to get 1 mil- 
liarnix‘n^ of plate current it is necessary to use either (Ep = 20, £^=13), 
(AV = 3(), = 5.6), (/<:„ = 40, A;=1), (F„ = 50, /•;,= -3.4), (F„ = 60, 

— 7.2) or (A’,, = 70, — 12). Using the two extreme values, we see that 

a decroiise in plate potential of (70 —20) =50 volts is neutralized (in so 
far as it affects plate current) if the grid potential is increased from —12 
volts to +13 volts, or a change of 25 volts. 

In Fig. 42 is shown a set of curves from a tube designed for amplifying 
telephone line signals; free grid |X)tentials in this tube follow about the 
same changes as for the tube used in Fig. 41. The much greater control of 



Fuj. 4‘2. Plato-current curves fur a tubein- 
tendiHi as :i voltage amplifier. 
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the grid of this tube is seen from the values of plate voltage and grid voltage 
for a current of 0.001 ampere. This is obtained with either (£'^=160, 
Eff = 0,2), or (Ep = 70, £^ = 2.6) so that an increase in grid potential of 2.4 
volts offsets a decrease in plate potential of 90 volts; the effectiveness of 
the grid is thus thirty-eight times as great as that of the plate. 

In Fig. 43 is shown a set of curves for a tube having the plate and grid 
very close to the filament, the grid Ixung comparativcdy C()ars(' compared 

to that of the tulx^ of Fig. 42. 
In Fig. 43 the grid potentials are 
referred to the pos^ilivc end of the 
Jilame/d; as the filament IR drop 
was al)out 3 volts it is s('en that 
if the grid W(Te conn(*ct(Hl to the 
n(‘gativ(‘ (uid of tlu* filam(*nt the 
grid eurnuit would Ix' practically 
z(To. d'his tulx' is generally us('d 
as a d(‘tector with th(‘ grid nor¬ 
mally sonanvhat |)ositiv(‘. 

It will 1 k‘ notic(‘d that the 
grid current (for a givcai grid 
fK)tential) d(‘cr(‘as(‘s as th(‘ plat(^ 
[)otentiaI is inrn'as<*d. When the 
grid and |)lat(* ar(‘ {)ositive by 
about the sam(‘ amount (curves 
I) and I)' with grid 3 volts ix)s- 
itive), (*ach tak(*s alK)Ut the saim* 
tluTmionic curriTit; the great(‘r 
an*a of the plat(‘ (‘omiH‘n.Siit(‘S for 
th(* greater proximity of the grid 
and filament. 

Fig. 44 shows the effect of 
filanuait curnait on th(' static 
charard erist ics of a 2r)B-w'att 
power tulx*. Th<* gri<l currents 
with negatives grid pot(*ntials are 
too small to lx* plott(‘d on tin* 
curve sheet. The filament currents wen* measimxl at that end carrying 
the smaller current. 

As was planted out in discussing Fig. 22, the current in a filament vari(*s 
throughout its length when it is delivering electrons to tlu* plate, the 
amount of variation depending directly on the* value of the plate current. 
In Fig. 45 is shown a set of curves to illustrate this point; a constant 
voltage of 32 was impressed on the filament, the grid wtis held at a ix)sitive 
potential of +100 volts and the plate voltage varied from zero to 200 volts. 
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Fio. 43.—Characteri.stir curve.s for nn ordinary' 
detector tulx*, for a Whie ranj<<* «)f (>Iat<* volt¬ 
ages. For the lowest plate V(dtagc the grid 
current and plate current are about c<|ual. 
In this test the positive erul ot t he filament wa.M 
used for the common junction, so that when 
the grid voltage was rej^orteil as zero the 
gnd was actually about 3 volts iK>sitive, 
with respect to the negative end of the fila¬ 
ment. 
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I’'k}. U. Effort of filarnont current on the characteristicg of a tul>e intended for a powei 

generator. 


Tins sot of curve's si'rvos not only to show the pe'culiar changes in filament 
curn'ut, l)Ut also liow, as the 
plat(‘ voltage* incre'ase's, the* grid 
current is re'eluce'el. The sum e)f 
the* grid current anel plate* cur- 
n*nt give's, for all value's of plate* 
ve)ltago, the* diffen'iice' he'twea'U 
the twe) filament curre*nts. Tlu' 
re'sistance* of tlie tilanu’iit e)f a 
vacuum tulx* unel(*r sue'h cemeli- 
tie>ns is not a simple function of 
volts anel amjw'n's; it inve>lv('s 
all the* the*ory of a long, l(*aky 
tele*graj)h line*. 

1'lie safe* filament current fe)r 
the*se* large pe)wer tul>es is always 
rateel in terms of the maximum 
current, that is, the cnei e)f the 
filament where the plate curremt 
and battery heating current 
combine to give a current 
gre*ater than normal battery 

enrronf 



riutc voltage 

Fig. 45.—Showing the effect of the plate 
voltage upon the filament current of a 
power tul)e, the voltage impresse<l on the 
filament l>eing constant. The cliange in 
grid current pixxlucetl by increasing plate 
notent ial is also shown. 
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In Fig. 46 are shown curves for the same tube as used for Fig. 44; the 
filament current (larger value) was held at 3.60 amperes and various 
voltages were impressed on the plate. With low plate voltage it is seen 
that when the grid becomes positive the plate current undergoes a rapid 


decrease. This combination of high 
voltage occurs w^hen the tube is used 
peculiar-shaped plate current instead 
erally assumed. 

In Fig. 47 are shown the character¬ 
istic curves for a G. E. P-20 (20 grid 
wires per inch) pliotron obtained by 



CirlO poUntiiO 


Fig. 46.—Static rharactcri.stirs of a Tvfx’ P 
pliotron for variou.s plate voltages, filament 
current l>einj( con.stant. 


positive grid voltage and low plate 
for generating power and results in 
of a sinusoidal variation as is gen- 



volUi'o 

Fi(i. 47. -Static characteri.stics of a Ty|)e 
!* 1ulx‘ ft)r various fixcfi ^rid jKitentiala 
and variable [)late voltage. The curve 
in the up^KT jiart of the diagram shows 
the limit of o|^M*ration of the tuln?. 


holding the grid jxitential constant while varying the plate voltage. For 
all these curve.s the grid currents were only a few’ rnicrotimix'res. In this 
tube it is evident that 1 Vf)lt on the grid has the same effect on plate 
current as 11 volts on the plate. In Fig. 48 ar(‘ shown the plate current- 
grid voltage curves of two of the modern receiving tulx^s, of which millions 
are in use today. In Fig. 49 arc shown som(‘ typical curves for a fine 
mesh grid 250-watt power tube (P-30). In this tulie the grid volt?ige 
is twenty-two times as effective as the plate voltage' in determining plate 
current. It will be noticed how quickly the grid current rises as the 
plate potential decreases beyond a certain limit. 
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In Fig. 50 are shown the curves of a type 27 amplif 3 dng and detecting 
Iriodc, having an indirectly heated cathode, that is, the heater type of 
tube. In Fig. 51 are shown the characteristics of an output triode, 
designed to deliver to the loud speaker a power as high as 1.6 watts. In a 
later section of this chapter are shown the characteristic curves of four- and 
five-electrode tubes, that is, tetrodes and pentodes. 

Potential of the Free Grid of 



Fia. IS. Char:ict<'ristic ciirv'es for two of the fikkI- Fig. 49. —Similar to the curves of Fig. 47, 
orn r(‘r(*ivirig tubes; the ty|)e 19t) tul>e i.s tlesigned this tulx' having a grid with finer mesh, 
for o|)erafir)n from dry cells, takingonly O.Oti ain- 
I)ore in its filjunent. 


really free, bi'cause there is always some leakage from the grid to the 
plate and filament even in tulx^s with extremely high vacuum. If the 
value of this leak resistance is perhaps 50 megohms the grid may be 
reckoned as free, although in many tubes a much greater resistance 
exists and the grids are correspondingly more “free.” 

It is almost an axiom in vacuum-tube ojK^ration thiit a grid should 
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never be left free. Consistent operation of the tube is almost impossible 
unless the resistance between the grid and filament is of definite value, 



20 40 60 »0 100 120 UO 160 IsO 200 220 240 -260 2a0 JOO 0 20 40 bO !0 IW 120 UU 160 l^j 2oO 220 240 260 2aO 300 


riale volU \olU 

Fig. 50. —Characteristic curves of the type 27 Eiu. 51.—(Characteristics of the type 45 
triode. IikhIc. 
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is repetiting into tulx‘ 2, the fluctiiation.s of plal(‘ voltage of 1 Ix'ing 



Fio. 52.—A circuit illuatrafing the meuninK of the term “free grid,” the grid of the 
second tube ia electrically free to assunu; any ixitential that cinajinstanrcs may 
demand. 


impressed on the grid of 2. The grid of 2 cannot Ixt connected tlirectly 
to the plate of 1 because this plate is at comparatively high positive 












Grid i*otcntj;t!. with rf?-pt-ct to nrpntivo eml of niatccnt. 
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potential, due to its B battery. By putting an insulating condenser G of 
sufficiently large capacity between the plate of 1 and grid of 2 the fluctua¬ 
tions of plate voltage repeat through the condenser into the grid, but the 
grid is insulated from the high positive continuous e.m.f. of the plate of 1. 

Now such a grid is said to be free; the insulation of condenser C may 
be hundreds of megohms, so that the grid is nearly free to assume any 
potential whatever. Because of the irregular action of a tube so connected 
a liigli resistance l(‘ak of one megohm or less (as indicated by the dotted 



N'olU from plutc lo iioijiiluc Cfvi of tilament. 

I'kj. r>3. \ jiriations in fo'C ^riil jH^tcntial of 

:i small liiulilv CN acualcd tula‘ for varums 
l)lah' volta^rs and lilarncnt currt'iits; nu*as- 
unancnls l»y a lii^hly insulated s<*nsilive 
static voltiiietor. 



Fig. 54. -A |)eculiar cycle obtainable from a 
tul)e havini; ii free grid; aa the filament cur¬ 
rent w.as increased and then decreased the 
jilate current went around the loop as indi¬ 
cated by the arrow heads; plate jiotential 
was kept constant. 


lino connection) is always advisable, to keep the grid, normally, at a 
suitable jMitenlial. 

Some of the (dTects produced by a free grid will bo indicated by the 
accomjianying curves. In Fig. 53 is shown how the potential of a free 
grid may 1 k' exix'ctiHl to change as the plate voltage is increased from 
Z(‘ro, for various filament tem|HTatures. The higher the plate voltage 
lh(‘ clost'r the grid pottaitial ap])roaches zero potential, i.e., that of the 
negative end of the filanumt. With zero jdate voltage the grid gcx's neg- 
jitive as much as 2 volts, due undoubtedly to the accumulation of electrons 
which have left the filament with enough initial velocity to carry them 
as far as tlie grid. 

Tlie Intential of the free grid dejx^nds entirely on the order in which 
the successive adjustments are carried out; thus, if the grid is left free, 
filament current brought to normal, and then plate potential brought to 
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normal, a value for free grid potential may be obtained entirely different 
from that if the plate were first put at its proper potential and then the 
filament current brought to normal. 

In Fig. 54 is shown the curve obtained (with free grid) by holding 
the plate at 150 volts, increasing the filament current from a low value 
to a high value and then decreasing the filament current through the same 
range. A peculiar loop is obtained, explained by the fact that as the plate 
potential was applied l)efore there won a liberal supply of electrons in the 
vicinity of the grid the grid went positive. This positive grid gave com^ 

paratively large values of plate 
current from A up to the point B 
on the curve sheet; here the grid 
suddenly lost most of its positive 
charge due to bombardment by 
many electrons, and became nearly 
zero in {X)tential with a consequent 
decrease in the plate current. 
From C to D and back to C the 
grid had nearly the same potential 
for increasing as for decreasing 
filament current, but from C to 
E the grid fK)t(‘ntial was much 
lower than it was for the cor- 
n\s|)onding values of filament cur¬ 
rent, when increasing values were 
Ix'ing taken. At K the grid sud¬ 
denly increasc*s its potential a 
small amount and for the remain¬ 
der of tli(‘ cycle it has alx)ut the 
Huiiw {xitential as it had for in¬ 
creasing filament current; other 
tulx's showed exactly the same 
effect. 

In Fig. 55 are shown the po¬ 
tentials of the free grid of a telephone amplifying tulx^. For low values 
of filament current the free grid iissumes a potemtial about half that of 
the plate, then as the filament current is increased the grid potential 
decreases gradually until a critical value of filament current is reached. 
At this critical filament current (i.e., critical supply of electrons) the grid 
potential suddenly falls to a comparatively low value, which value 
decreases somewhat as the filament current is still further increased. It 
will be noticed that for this tube the free grid is always positive, whereas 
for most high-vacuum tubes the grid potentials are negative. 



Filament current 

Fig. 55. Showing the pernliar variation.^ in 
free grid |K>tf*ntial as filarnont nirrf rit wa8 
increa.8etl; for thi.s Hfx^cial the fref‘ 

grid assumed fK^nitive potenti;il under all 
conditional. 
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While the free grid triode is not generally serviceable it may very well 
be used in certain circuits. Thus Ferri6 ' and his co-workers used a triode 
with free grid, in connection with a photoelectric cell, to measure the 
energy coming from the stars. In this case the grid was made more or 
less free according to the number of electrons passing across the light 
sensitive cell. It is reported that he obtained a current amplification in 
this way of 10,000 times, using only one triode. 

Relations between Currents and Potentials in a Three-electrode 
Tube. —From experimental results already presented it is evident that 
the grid current and plate current of a three-edectrode tube vary with 
either filament current, plate voltage, or grid voltage. It is also evident 
that the grid current is negligibly small compared to the plate current, 
and that the plate current is not affected directly by the grid current 
except under unusual conditions, as, e.g., curv'e A of Fig. 46. Unless 
we are sj^ecifically interested in distortion in an amplifier, or in the case 
of an oscillator, in the losses in the grid circuit, the grid current may be 
neglected. Furthermore, unless the conditions are such that saturation 
current is reached (plate current using all the electrons emitted from 
the filament) the filament current do<'s not affect the plate current to a 
great extent. We shall therefore examine, in this section, the relations 
between plate current and grid and plate potentials, neglecting grid cur¬ 
rents and the effect of too small a filament current. 

We have seen that the plate current depends upon both plate voltage 
and grid voltage, to some power higher than the first, and that the grid 
potential is much more eff(‘ctive in controlling the current than is the 
plate potential. AVe may therefore write 

.(7) 

where /,, = plate current in amix'res; 

A —li constant deixauling upon ty|x' of tulx'; 

7^,, = tx)tential of plate to negative end of filament; 

= potential of grid to m‘gative end of filament; 

M —relative effectiveness factor of 
x = an unknown exponent, possibly variable. 

Langmuir has given this equation with the value of j* as 1.5; Van der 
Bijl has given the equation with the value of .r as 2.0, having also an 
added quantity inside the parenthesis, a small constant in which such 
factors as velocity of emission of electrons, contact difference of potential 
of the electrodes, etc., are taken care of. 

A little reflection will show that this simple relationship (Eq. 7) is 

* ''Amplification of Weak jCurrenta and their Application to Photo Electric Cells,** 
Ferric*, Jouaust, and Mesny, Proc. I.R.E., Aug., 1926. 
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approximate only. The factor A is probably not a constant, and the 
exponent x is not a constant, but depends as does Af upon the value of 
Ep and Eg. In a pap)er by Petersen and Evans ^ the general theory of the 
triode is worked out on the assumption that 

Ip==f(E,E:g) = :^a„,,.Ep^Eg^ .(8) 


This is a double power series in which the general coefficient has the 
1 0 ''^ 

form a„n = —i—: “TT;;:—rrTi- When investigating the detailed performance 
mini dtp"' dK 

of a triode a complicated relationship of this nature must be assumed, but 
for the first simple analysis of tlie action of a triode, ICq. (7) will suffice, and 
is used in the subsequent analysers. Our solutions will not in gtuieral indi¬ 
cate distortion, harmonics, etc., bt^cause the relationship of lOq. (7) is too 
simple to truthfully represent the facts. 

Amplification Factor of a Triode. -The quantity /i is the theoretical 
voltage amplifying power of the tube; it is ordinarily takcai as a constant, 
its value depending solely upon the geometry of the tulH\ Many te.sts 
show this to be true for the ordinary us<' of the tiilK*; it may Ix' that with 
ver>' low plate voltage and high grid voltag(» m changes somewhat, but in the 
ordinary working range of Eg and Ep it is practically constant. As pre¬ 
viously stated, it varies in different tytx\s of tulx's from 2 to 200 or more. 

When many determinations of /i are to Ix' made, it is worth while to 
arrange some apparatus as shown in Fig. 50, a sclaane diK^ to J. M. Miller. 

The resistancc‘ Ej is prefi r- 
ably 10 ohms and E\ is a 
d(‘cade n^sistanci' box hav¬ 
ing units, lO-ohm, 100-ohm, 
and 1000-ohm units; the 
10(X)-ohrn units are used 
very s^‘ldom, I)u1 few tub(*s 
having high enough values 
of /i to najuire them. 

An amm(‘ter A\ sc'rv'es 
to read th(‘ filament cur¬ 
rent, and milliammeter A2 
Fio. 56.—An arran^^cment of apparatus for nipidly serves for plate CUrnmt. 
determining the voltage amplification factor of rp, . ^ 1111 

a tul>e met(‘r should have 

two or three scales, so 



that for various fyfx*s of tulx's to lx; tested the plate current will give 


indications well up on the scale. The filament battcTy should lx* iK*rhap8 


6 volts and Et and Er should have voltages suitable for the tulx's to be 


tested. 


Bell System Technical Journal, July, 1927, p. 442. 
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With S open Ebj and 1/ are put at their proper values and the 
reading of ^2 is noted. When S is closed, permitting current I to flow 
around the circuit Ky Kij R 2 y Ey the reading of A 2 will in general change; 
by properly adjusting lii, however, it will be found that the reading of 
Ao (which is the plate current) does not change when switch S is closed. 
The ratio of R\ to R > for this adjustment gives fi. 

By examination of Fig. 56 it will be seen that depressing key S decreases 
the voltage iinpress(*d on the plate by an amount IR\y and raises the 
voltage of the grid by an amount IRj. From inspection of Eq. (7) it 
is evident that if Ij. does not change when aS* is closed. 


(AE,4-/iAA;)=0,.(9) 

wh('re lE,, and SE^ are the changes in A’,, and Eg due to closing switch S. 
We th(‘refon‘ have the relation 


or 






R2 


( 10 ) 


With this sch(‘ine it is possible to investigate the dependence of g on.Eg, 
Epy and 1/ wry r}Uickly. 

'rh(‘ valu(‘ of h\ sliould not Ix' so high that the drop through it, due 
to the plate curnait, is an appreciable fraction of Eby otherwise the plate 
potential will not Ix' Ehy but something less, and must be calculated. 

The value of the exponent .r should theoretically bo a constant, but 
in tlie actual tulx* it is constant only for a limited range of voltages. The 
voltage iK'tween the plate and filament is different for the different parts 
of the filament, and the velocity of emission of the electrons may not be 
negligible when the jdate and grid voltages are low. 

If the grid is h(‘ld at zt'ro voltage the relation between Ip and Ep is 
Ip-AEp. The d(‘termination of the ex|x>neut .r is most easily carried 
out by plotting the various values of /,, and Ep on logarithmic cross- 
s(‘ction paiK*r; if j is a constant the graph is a straight line with slope 
etjual to X. If the graph is not a straight line the value of x varies, but 
it may ho determiiK'd for any value of Ep by measuring the slope of the 
graph. 

Figs. 57 and 58 give the variations between plate current and plate 
voltage for two amplifying and detecting bulbs designed for 40 volts on 
the plate and an IR drop in the filament of alx)ut 3.5 volts. The tw’o 
curves were transposed to logarithmic paix'r, giving the graphs shown 
in Fig. 59, the straight dotted line shows the slope the two curves would 
have if the plate current varied with the square of the plate voltage. From 
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!’ia. 57.—Variation of plate current in a Fio. 58. -Curves similar to those of Fir. 57, 
tungsten filament tul)€ as Ep i.s varied and the tul)e usetl having an oxide-<*oat(Ml fila- 
grid potential held constant; values of the ment. 
exponent of Eq. (7), p. 513. 



Pi»t« roiu Pjq oo. -IiOgarithmic plot of the platc-eurrent 

Fio. 59.—The curves of Figs. 67 and 68 tnins- curve for a high-voltage power tul)€; with a 

poeed to logarithinic coordinates; this graph certain consUint negative grid rwtential the 

shows that the exponent for Fk|. (7) is neither plate current of this tul)e varies with the 

1.5 nor 2, but is a variable for Ijoth tul>cs. square of the plate voltage. 
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the logarithmic graphs the values of z were measured and transferred 
to Figs. 57 and 58 to give the curves of x there shown. 

In Fig. 60 is shown the logarithmic graph for a high-power pliotron, 
the rated plate voltage being 1000-2000 volts; it is seen that for high plate 
voltages the plate current varies as the square of the plate voltage. For 
the lower plate voltages the IR drop in the filament (about 20 volts) and 
the velocity of emission of the electrons tend to give an exponent other 
than 2; however, if the grid is held at —10 volts, the plate current follows 
the square law very closely throughout the range of the graph. A greater 
negative potential makes the plate current vary with higher power of 
plate voltage for the lower values of plate potential; this is to be expected 
from inspection of Eq. (7). 

Factors Determining the Amplification Constant of a Triode. —The 

screening action of a grid was first discussed in Maxwell’s “ Electricity and 
Magnetism,” Vol. I; hero it is worked out for a flat grid and flat cathode, 
infinite in extent. Miller^ has shown how closely Maxwell’s derivation 
applies to the construction of an ordinary triode. 

More recently King ^ has analyzed the dependence of the factor m 
upon the parameters of the tulx'. The theoretical voltage amplification 
factor of the tube is shown to Ixi expressible by the relation 


2T(Ui 




log. 


1 ^ 
2Trrn 


( 11 ) 


in which u = distance l)etween grid and plate; 

71 = number of grid wires jkt ccaitirneter; 
r = radius of grid wires. 


In the derivation of this formula the grid, cathode, and plate have all 
been assumed as infinite parallel planes; although actual triodes depart 
very far from this requirement exjx'rimentally determined values of g for 
several tulx\s of widely dilTerent construction check quite well with the 
value calculated from Eep (11). 

An interesting |Kjint in the theoretical analysis is the fact that the 
distance Ix'tween the grid and filament plays no part in determining the 
value of /i; the closeness of the grid to the plate does, however, have a 
controlling influence. 

In one tul>e, for example, a = 0.2, r = 0.025, n — 2.3 and n (calculated from 
Kq. (11)) calculates 2.85; the ex|x'rimental value was 2.50. In another, 
a=1.35, n = 31.5, r = 0.00127 and m (calculated) is 194; the experimental 
value was 217. 

* PrvK*. I.R.E., Vol. 8. No. 1. 

* Physical Review, Vol. 15, No. 4. 
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If more accurate theoretical results are desired than Eq. (11) yields it 
is necessary to consider the non-uniform distribution of the charge on the 
grid wires; due to their proximity the charge on the surface is not uniform, 
being a minimum where the wires are closest together. When this factor 
is taken into account, as in all other branches of electrical theory, the 
resulting formulas involve hyperbolic functions of the triode parameters. 

Resistance of the Plate Circuit of a Triode and its Variations.— There 
are three circuits to be considered in getting the characteristics of three- 

4 __ electrode tubes, the filament, the grid 

2 T | "j~P ~^t''tubT r to filament circuit, and the plate 
3 Q - 1 -1—- Vaiue of Ey uaeU in - 8 to filament circuit. The grid to 

8 JplTl' ir! I ^ filament is called the injiui circuit of 

6 ^ 'Ti ! ; : 7 the tube, and the plate to filament is 

4 I /l r ri ! : i called the circw//of the tube. 

2 "t i Points on R>. curve ^ ] n the ordinary small detecting 

« i . j , . \ ! markccl x are obtained "3 i Vf* j.i i. 

E 20 k ‘ \ i by diviciing Ryj, by the ^ and amplifying tube tho hlainont 

r° 8 ■ ' Vl : 3 curront is pHicIically iiulcpondcnt of 

c 5 f r y__ any changes in the grid and plate 

§4 ; L . ‘ y ‘ 1 ; 4 circuits, in large power tubes, how- 

I 2 \ ; T’ L! ! ever, this is not so, the resistance 

10 / \ - Y''*'! . L! . i of the filament varying a good deal 

8 ' \ either the grid or plate potential 

6 \ >L * ' is varied, this variation being shown 

4 ^ by impressing constant voltage on 

2 _ the filament and then impressing 

^various potentials on the grid and 
Plate voltage phite. I he accompanying changes 

Fio. 61.-Curves of K„ .nd of an 

oxide^oaUd dctoctor tube; the curve uniform Ctirroiil to flow throtigh the 

of Rp can be obtained by dividing val- conductor, under which condition 

ues of Hop by the corresponding value the filament has a resistance different 

of I of Eq. ( 7 ). Such values are indi- f^om that when the current is the 

cated on curve of/?p by X. Sometimes , . i i .1 

the curve of a shows a decided “hump" everywhere through its length, 

for certain plate voltage. ^ resistances of ih(^ input and 


Points on R>. curve 
! marked x are obtained 
i by dividing by the 
Rqj' measured value of 
^ the exponent x ia 
1 I, . s» A' E p_ 


t n ^ i D e III lAi iu uiiu uiau^ current causi; a laui- 

Fio. 61. — Curves of Rp, ftnd /top, of an ^ ' 

oxide^oaUxl detector tube; the curve uniform current to flow through the 

of Rp can be obtained by dividing val- conductor, under which condition 

ues of Hop by the corresponding value the filament has a resistance different 

of I of Eq. (7). Such values are indi- f^om that when the current is the 
cated on curve of/?p by X. Sometimes , . , , .1 

the curve of a shows a decided "hump" everywhere through its length, 

for certain plate voltage. ^ resistances of ih(^ input and 

output circuits vary throughout 
extreme ranges, and they are different for alternating current than for 
continuous current; we shall first consider the output circuit. The ratio 
of plate voltage to plate current is genc'cally calked the output impedance. 
As there can be no appreciable lag in the motion of the electrons behind 
the impressed electric field, it might seem more appropriate to speak of 
output resistance instead of output impedance. But it is to Ik* rememl)ered 
that there is capacity between the plate and other (decl rodes, and at high 
radio frequencies this capacity may have an appreciable effect on the cur- 
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rent flow from plate to filament. F'rom this viewpoint the plate filament 
circuit has impedance, not merely r(‘sislanc(*. 

If we maintain t he grid at zero potent iai (or any other fixed potential) 
and neglect the plate circuit capacity the plate current will vary with 
plate voltage only and we may speak of plate-circuit resistance. With 
constant grid potential and different plate potentials the values of plate 
current determine this resistance* of the plate circuit, Ropj for continuous 
currents. 

The value of the a.c. r(‘sistance, is det(‘nnined by the ratio of 
dEj,/(lIpy the grid voltage Ixang maintained constant; if we keep the grid 
at zero voltagci we may write 

or 


But the c.c. resistance is 


From these we* ge't the* relatieui 


In I"ig. 01 are shown the curve*s of anel Rop fe)r an oxide-filament 
amplifying tube; the* f)e)ints indicat(*el by circles on the Rp curve were 
obtaineel by the a.c. me'asure*- 
ment and the)se indicateei by 
cros.ses were obtaineel by 
dividing the points on the R„p 
curve by the proper value e)f x. 

On the same curve shevt is 
shown the* value* of /u fe)r this 
tube; it isnearly constant in the 
working range of the tube {Ep 
betwe'en 20 and 40 volts) anel 
falls off with the lower plate 
voltages; inse)meothertrioeles 
the value of /z increased with 
the decrease in plate voltage. 

The value of Rp is found experimentally by the scheme outlined in 
Fig. 62, originated by J. M. Miller; the sjune arrangement sc'rves to 
measure m by a.c. test. Fie. 63 shows a curve of a* obtained by the 



Fio. r»2. -.An .nrranpjomont of app.ar:\tus for con- 
voniontly inea.siirinjj the of a tube as well as 
the a.r. n'sistanco of the output circuit. 


Ip=ak; 


di, .I../-;/ * "• 


/i: ae; >• 
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method; it shows to be independent of filament current. With S 2 
open the ratio of ri to r 2 is varied until no signal is heard in the tele¬ 
phone and we then have 


^2 

/X = —, 

ri 


(13) 


In measuring i?p, ri and r 2 are fixed at some convenient value (say 
equal to each other; the ratio must be different than that given in Eq. 
(13)), and with S 2 closed R is varied until no signal is heard in the phone. 
With this adjustment we have 



Flowing through the potentiometer there is a* current i, which 



Fig. 63.—Value of jj of a small amplifying Fio. 64.—V^iriafion in m of a telephone 
tube, obtained by the scheme outlined in repeater tube. 

Fig. 62; this shows a to be nearly inde¬ 
pendent of the filament current. 


a drop between grid and filament =Iri = Eg. If the alternating voltage 
Eg is impressed on the grid of a vacuum tube it will produce an alternating 
current in the plate circuit, Ip, Of course the actual plate-circuit current 
is not alternating, it is pulsating; this pulsating current may be resolved 
into a steady current lop and an alternating current Ip. The current lop 
is produced by the steady values of Eg and Ep and the alternating current 
Ip is caused by the variations in Eg. 

The magnitude of this current Ip can be calculated by remembering 
that a voltage Eg in the grid circuit is equivalent to a voltage nEg in the 
plate circuit. This voltage, ^Eg^ will cause an alternating current to 
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flow in the plate circuit which is equal to 




This current flowing 

R 

through the resistance R must give a drop equal to ^ and if there is 


Rp+R' 


no signal heard this drop must equal that across ry (which is equal to 

•-) 

r2 R 


E, 


when a balance is obtained. We therefore have 


E, 


I'jg —fihg 

ri Rp+R 


Solving this equation for Rp we get the relation given in Eq. (14) above. 

In case the resistance R does not permit a balance to be obtained, it 
being too small, the ratio of r^/ri can be suitably altered. 

The relation betwetai Ip and Eg is not a linear one and it is therefore 
evident that Rp must vary throughout tlu' cycle of change in Eg. The 
value of Rp is therefore represented correctly only by a constant (the 



Fig. 65. —Variation in plate circuit re¬ 
sistance of a telephone repeater tube. 



Grid bias 
Type ‘27 triode 

Fig. 66. —Variation of the amplification 
factor of the type ’27 triode. 


value of which we call Rp) and a series of harmonic terms; these harmonic 
terms become more pronounced as Eg is varied through wider ranges. 

In the measurement of Rp by the method outlined above it will be 
found that complete silence cannot be obtained at the balance point; the 
note heard in the telephone is comple.x and only the fundamental note 
can be balanced. A balance will generally be most easily obtained if 
comparatively low values of Eg are u.'^ed, say not more than 0.1 volt; 
moreover, it will be found that the value obtained for Rp varies with Eg, 
becoming greater for high values, as explained on p. 604. 

Variatioiis in the Amplification Factor of a Triode. —Simple theory 
leads to the conclusion that the amplification factor of a triode is a con¬ 
stant, depending only upon^its geometry. But owing to the fact that 
the grid never completely encloses the filament, and the additional fact 
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that different parts of the filament may be at different potentials, the 
amplification factor is found experimentally to be variable. In Figs. 64 
and 65 are shown the values of ^ and A*,, for a telephone repeater triode.^ 



-20 -16 -12 -8 -4 0+4+8+12 

GprI bias 
Typu '27 ti uxlr 


It is seen that for the lower potential 
gradients in the triode Rp increases 
and fjL decr('as(‘s. 



\a) ib) 


Fig. 67. —Variation in plato oircuit ro.'^is- Fig. iVS. 'Two cDn.sTnicrions of ^rid whirli 
tance of the type ’27 triode. l^ive triode.s with an anifilifiration factor 

deerea.<in^ a.s i^rid bia.s i.s increased. 


In Figs. 66 and 67 are shown 
Cook on a heater-tyi>e triode. th 
different manner from tho.s(‘ of tin 



-42 -3b -30 -24 -IS -12 -G 0 


Ccntrol grid biaa volta 

Fig. 69.—Compari.son of ^rid control of 
plate current in a tube havinjij constant 
A* (24) and one having' a variable ^ (35). 

in grid bias. Using a grid of heli 


)me r(‘.sults obtained by IVrman and 
‘ valu(‘.s being plotted in a somewhat 
previous figun\^. WliiTeas all these 
figure's show larg(‘ variations in g and 
R,,, it will \)v s(‘(‘n that, for n'asonably 
small d(‘partur('s from spc'eitied grid 
and plate voltagt's, th(' changes in 
I\,, and fi are relatively small. It is 
onh' for exeeptionally low plate volt¬ 
age's and high jxisitive or ni'gjitive 
grid bia.s that the value's change; to 
any gn'at I'xti'iit. 

Tube.s with Variable Amplifica¬ 
tion Factor. For certain piirpeises a 
tub(' with a variable* fj, proves to 
be* advantage'ous, notalily when the 
amplification of a s(‘t is oontreillcel 
by the grid bias eif one* of the radie> 
fre*(juene;y tulx's. The amplification 
eeintrol is srneiother anel the nmdu- 
latiem disteirtiein is le»ss if the tube 
lias a g which deerea.ses with increase 
:;al construction, a variable n can be 


‘ Petersen and Evans, Bell Systeim Technical .Journal, .July, 1927. 
M.R.E., June, 1930, p. 1044. 
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obtained by making the helix of tapering form or by varying the spacing 
of turns. These two constructions are indicated in Fig. 68; in a the 
spacing of the grid turns is uniform but they are of gradually increasing 
diameter, and in b they are of uniform diameter but have a gradually 
increasing spacing. 

In Fig. 69 are shown the forms of plate current for two tubes of nearly 
the same construction, with the exception of the grid form. The type 24 
tube has an ordinary uniform grid and nearly constant jjl; the type 35 
tube had a variable /x due to its grid construction. It is evident that for 
increasing negative bias on the grid of the 35 tube the /x of the tube 
l>ecomes gradually snialka*. 

Input Circuit.—ddu' r(‘sistance of the input circuit (grid-filament) for 
continuous current is practically infinite for all values of negative voltage; 
the current taken by tlu' grid of the av(‘rage tube when the grid is at lower 
potential than any part of the filament is of the order of 1 microampere 
or less. With a positive grid the current to th(‘ grid varies approximately 
as the scpiare of th(' grid potential. When the grid and plate are at the 
same positive potcaitial, tlie two currents are of the same order of magni¬ 
tude (see Figs. 49, 46, and 43), so that the grid-filament resistance Rg 
is about the same as the jdate-filarnent resistance Rp. It goes through 
the same kind of changes with respect to filament current, grid voltage, etc., 
as does Rp. It is to i)e noted from the curve sheets, however, that whereas 
an increase' of Kg (Jccrcascs Rp an incnaise in Kp causes an increase m Rg. 

To measure tlu' a.c. input resistance*,' a scheme such as that illus¬ 
trated in Fig. 62 is not directly applicable*; for any ordinary scheme of 
measurement a transfe)rme‘r will be* re*ejuireel te) eie'crea.^e the grid-circuit 
resistance te) a value readily meaisureel. 

4'he aiithe)!' has use'el a i)ridge fe)r me.asuring the characteristics of the 
input circuit e)f varie)us tubes, the* me\asureme'nt be'ing maele at 50,000 
cycles. The .'^che'ine useal is illustrateal in Fig. 70; the same setting of 
the brielge permitte'el the nu'asurement of be)tli ca])acity and resistance 
of the tulx' input circuit. The 50,000-cycle pe)wer was supplied to the 
brielge by wire .4, the e)tlier siele being gre)uneleHl. Suitable high-resistance 
leaks are shunted acre)ss (h and C^y these resistances being free from 
appreciable distributee! capacity. Certain pre'cautions have to be observed 
in using such a bridge as not eel in an article* by the author in the Proc. 

With suitable values of and Ra the brielge is balanceel with S? open, 
the values of C 2 anel R\ being recorelexl. Wlien N is closed the balance 
is elesrroyed, elue te) the capacity anel ce)neluctance eif the tube input cir¬ 
cuit; by properly elecreasing Cj anel incre*asing R\ the balance may be 

' See* p. 530 for the effect of thiseinput re.sisfanee on the tuning of the receiver circuit. 

* “»: 5 ome Notes on Vucuum Tubes," Proc. I.R.E., Vol. 8, No. 3, June, 1920. 
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again obtained. The total capacity and conductance in the (4) arm 
must now be the same as when <S was open, so that the capacity of the 
input circuit is at once obtained as the difference in the two settings of 
C 2 ; from the two values of the conductance of the input circuit can 
be readily calculated. 

In Figs. 57-60 are shown the variation in the input circuit of a small 
detecting tube rated at 1.1 amperes filament current and 20-40 volts in 
the plate. Unless the tube is defective the conductance is practically 
zero until about 0.8 anifX're is used for heating the filament. It then 
rises rapidly until with normal filament current the conductance is about 



FlO. 70.—A suitable briflge for making hi^^h-froquoncy 

measurements. 

12 micromhos, showing an input resistance of about 80,000 ohms. The 
values of Ep and Eg u.sed are noted on the curve sheet. 

In Fig. 72 is shown the variation of the input conductance as plate 
voltage was varied; this decretust^ in conductance with increasing plate 
potential could have lx?(m predicted from inspection of curves such i\s 
given in Fig. 43. In Fig. 73 is shown the variation in input conductance 
as the grid is made more negative, and in Fig. 74 is shown the effect of 
the magnitude of the alternating voltage impressed on the grid fortesting. 

The variation in grid conductance in Fig. 73 represents a variation 
in loss in the input circuit as the ** bias of the grid is changed. This has 
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been used in one well-known scheme for controlling the amount of regenera¬ 
tion in tuned radio-frequency amplifier circuits. 

It is evident from the four curves given above (which are all for the 
same tube) that if the input resistance of a tube is to be kept high the grid 
must at all times be negative (with respect to the negative end of the 



Fig. 71. -Variation of input rircuit ron- Fia. 72.—Variation of input circuit conduc- 
ductancc with filament current. tance with plate voltage. 


filament). For the tul)e the characteristics of which are given above, 
the grid should normally l)e negative jihout 0.5 volt more than the maxi¬ 
mum value of the voltage to be impres-^^ed on the input circuit. The 
resistance of the input circuit, as one component of the impedance of the 



Fig. 73.—Variation of input rircuit conduc¬ 
tance with grid potential. 



Fig. 74.—Variation of input circuit 
conductance with amplitutle of volt¬ 
age impressed on the input circuit. 


input circuit, is of great importance if the tube is to be used as detector 
or amplifier; if the tube is to be used as an amplifier the input-circuit 
resistance may very seriously affect the selectivity of the receiving circuit, 
because of its damping effect on the signal. 


Conductance in 10 mho 
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In Fig. 75 is shown the variation of resistance of the input 
circuit of the type 201A triode; it is seen from the curve that there 
must be several volts of negative bias on the grid of this tube if the 
input circuit is to show a high resistance. 

Inter-electrode Capacity. —The capacity 
betw(‘en the various electrodes of a triode is 
easily measured by means of the bridge 
shown in Fig. 70. The two resistors Ah and 
R> are the ratio arms and each has about 
500,000 ohms re.sistaiice. d'he two small con- 
d(‘ns(a*s aiul th* an' on tlu' same shaft, so 
arranged that as tlu* capacity of one increases 
that of the otlu'r decreases. C\\ is a fixed 
condtaiser of about 50 capacity. C\ is 
a calibrated straiglil^liiu' capacity condenser 
of about 10 )uyu/, and C is a small uncali¬ 
brated v(‘rni(‘r condcaisia* to mak(' th(‘ bridge 
balance, with nothing connectial to posts 1, 
2,and )httn<l with Tj s(‘t at its zero (maximum 
capacity). Ci, Cz, and C' are vari(‘d to g(‘t this balance'. 

The triode is then connected (by a sp<*cial socke't) to the })ridge at 

1, 2, and 3, say with the plate', grid, and cathode' in the' re'lative positions 
shown by p, and c. (.'onde'nse'r (h is them dirninishe'd to re'ste)re' the 
bridge balance; it may lx* ne‘ce‘ssary to change the* se‘tting of Cy-Cz to 
obtain a good balance. The 
amount of capacity by which 
Ca is dimini.shed to get the lU'w 
balance is the capiicity be¬ 
tween those electrexles of the* 
tul>e connected to posts 1 and 

2. If the special ce)nne*ctiem 

from 3 to M is not u.‘<(‘d, the* 
capacity so measure*d is 
increased by that of 6% and 
Cra in series. = griel te) 

plate capacity, 6',^ = cathode' to 
plate capacity, and = cathode 
to grid capacity.) 

By reinserting the triode 
properly in the special .socket connected to posts 1, 2, anel 3, and again 
balancing the bridge, th(i other two interel('ctre)ele ca{)acities can be 
inea.su red. 

In certain tetrodes the plate? is shic'lele'el from the control grid by another 


M 



Fi(j. 7<>.—.Sj)cci:il hi idj^r ;irrjin>^(*nH*nt for ine;i8- 
urin^ capiicitics. 



-6 -4 -2 0 -pi +4 +G 


Fig. 75.--A'aiiatiori cif input 
circuit resistance of type 
201.\ triode, a.s grid biits is 
altered. 




INPUT CAPACITY EFFECTED BY PLATE CIRCUIT 


627 


grid structure which completely surrounds the plate; this screen grid has 
the effect of reducing the capacity between the plate and control grid to 
practically zero. To do this, of course, it must be properly connected to 
the plate-cathode circuit. 

In the accompanying table are given the capacities of some of the 
commonly employed triodes, as well as a few of the special tetrodes. 
For information regarding power rating of these tubes, etc., see the table 
on p. 708. 


Typo 




171A 

S 2 

4 5 

2.5 /xa/ 

22() 

8 1 

3 0 

2 1 

227 

3 3 

3 0 

2.8 

237 

2 0 

3 5 

2.2 

81)4 

2 3 

5 4 

3 5 

250 

0 0 

5 0 

3 0 

8tl 

8 0 

5 0 

3 0 

50 watt 

12 0 

9 0 

8 0 

250 watt 

00 0 

40 0 

25.0 

222 

0 025 

3 5 

12 0 

221 

0 01 

5 0 

10 0 

232 

0 02 

5 8 

11 0 

235 

0 01 

! 

5 0 

10 0 


'rii(‘ last four tuix's an* of the screen-grid type; they have almost 
negligible capacity betwecui control grid and j)late, but this is offset to 
. ome extent by the gr(*atly increas(‘d capaciti(‘s C.p and C-p. The capacity 
is calk'd the input capacity; the capacity C,p is called the output 
caitacity. Th(' former acts in parallel to the tuning condenser of the 
input circuit (if used in a r.f. amplitier), and the latter acts to shunt the 
load circuit into which the tube is supplying its output. 

Instead of nu'asuring interelectnnk' capacity by the bridge method 
outlined above, Lotighren and Parker recommend impressing a radio- 
Inajuency voltage and actually measuring the charging current.^ As 
an alternative', they suggest the use of a standard variable condeiLser in 
parallel with the intc'relectrode capacity, and by obtaining the vsame cur¬ 
rent in the circuit with and without the triode connected, its interelectrode 
capacity is obtained from the two settings of the variable condenser. 

Input Capacity Effected by Plate Circuit. —In practically all circuits 
involving the use of a vacuum tube it is reciuired to have an impedance of 
some sort in the plate circuit; this imjx'dancc may be a resistance, a choke 
coil, or the primary winding of a transformer, and the value of this impe- 


‘ LR.E., June, 1929, p. 957. 





528 


VACUUM TUBES AND THEIR OPERATION 


[Chap. VI 


dance is generally of the same magnitude as the a.c. resistance of the plate 
circuit of the tube, Rp, or somewhat greater. 

When such an impedance is used in series with the B battery the voltage 
on the plate Ep varies when the grid voltage Eg is varied and the amount 
of fluctuation in Ep is generally much greater than Eg. If an impedance 
is used in the plate circuit, which is very high compared to the tube resis¬ 
tance, the fluctuation of Ep is nearly equal to iiEg. It is always somewhat 
less than this value, and we put it equal to aEg where cx lies between zero 
and ju, depending on the plate circuit impedance. 

Let us suppose a resistance, /?, used in the plate circuit; it is at once 
evident that as Eg increases, increasing then'by /p, Ep must fall because 
of the increased value of IpR. The fonns of Eg, Ip jind Ep are tlien as 
shown in Fig. 77; when the grid voltage rises (with respect to the fila¬ 
ment) the plate voltage falls, and the actual plate voltage is represented 
by (Eop — ipR) = {Eop — cxEg sin p/), where Eg sin p/‘is the voltage impressed 
between the grid and filament, ip is the instantaneous valiK' of Ip sin p/, the 

resulting ihietnation in platen 
current, and Ec>p is the value 
of the plate voltage when Eg 
is z(‘ro. 

W(‘ liave then to consider 
the charging current taken by 
the grid wlien act(‘d upon by 
an alt(‘rnating voltage' Eg^ the 
coinlens(‘r(/(/_/.• being charged 
by voltage' Eg and the con- 
d(*nser in parallel, b(‘ing 

charg(‘d to a voltage (o+l) 
Eg, as shown in Fig. 78. 1'lie 
factor (a+l) occurs because' 
when the griel voltage rise's 
with re'spe-ct to the' filame'iit, 
an amount Eg, the plate voltage falls, urith respect to (he filament, by an 
amount aEg] it therefore falls with respect to the grid, an amount (o+l)A’y. 

The amount of charging current, therefore, which must be fuenishe'd 
by the input circuit is given by 

I = 2irJEg{Cr. -/.•+ (a + \)(%;_/.), 

from which the effective capacity of the input circuit is found to lie 

Clnpui = Cc; _ f + (a + 1) CV; _ /^.(15) 

Thus the effective capacity of the imput circuit is not only much greater 



Fia. 77.—Forms of plate current and {date 

tial when a sine wav© of voltage i.s iinpres.s<‘<i 
between the grid and filament. When the re.si.s- 
tance in the plate circuit is very high the fluc¬ 
tuation in plate fx)tential is rn'.arly n time.s as 
great as the voltage irnpres-sed on the grid. 
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than the geometrical capacity, but it varies with any factors which affect 
a, the voltage amplification factor of the tube and circuit. 

Due to the fact that the two voltages Ep and Eg are not exactly 180® 
apart, the capacity of the input circuit of a 
tube will actually be somewhat less than 
that predicted from Eq. (15). 

This mutual capacity of the two con¬ 
densers brings in another very interesting 
phenomenon: the field of the grid-plate R 

condenser may so react on the grid-fdatnent Fio. 78.-The circuit impressing the 



condenser as to give a voltage in this con¬ 
denser in phase mith the impressed e.mj. of 
this condenser (i.e., the e.m f. impressed on 
the input circuit) so as to give the input cir¬ 
cuit a negative conductance. Such an effect 


voltage Eg to the input circuit 
must furnish enough current to 
charge the condenser Cq-f to a 
voltage Eg and the condenser 
Cu-F to a voltage (a-f 1) Eg. 


would result in the plale circuit reacting on the input circuit to augment 


any voltage iinpn'ssc'd on the input circuit. 


Using th(' bridge scheme illustrat(‘d in Fig. 70, the capacities and con¬ 



ductances of the input circuits 
of several of the typical commer¬ 
cial triodes were measured at 
50,000 cycles. In Fig. 79 an^ 
shown the capacity and con¬ 
ductance of an amplifying tulxj 
with normal conditions of plate 
voltage, filament current, etc., 
as the external plate circuit re¬ 
sistance was varied; on the same 
curve sheet is shown the value 
of the voltage amplification 
factor of the tube for the various 
plate circuit resistances. It is 
seen that the capacity of the 
grid-to-ground circuit (same as 


Fig. 79. Caparity and rondurtaiiro of an input cirCUit, bCCaUSe the 


amplifying tiilx* as th(‘ rcsistanc<‘ in tho plate 
circuit is varied; the « of the tube and cir¬ 
cuit is shown also, so that the de|K*iulence 
of the effective input ciipacity ui)on a may 
l)c noted. 


filament is generally grounded) 
increases from 17 gg/ (micro¬ 
micro-farads) to 71 pg/ as the 
plate circuit resistance was in- 
CH'ased from zero to 80 kilohms. 


As the capacity Ca~F of this tube wius 5.9 and the capacity Co-p 
was 11.1 pp/, and the value af a is 4.05 for /? = 80 kilohms, it might be 
expecU>d that the input capacity would be equal to (5.9+(4.65+l) 11.1) 
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= 68.6 iUju/. The conductance of the input circuit was positive for all 
values of plate circuit resistance and gradually increased as R was 
increased. 

In Fig. 80 are shown the capacity and conductance for the same tube, 
the plate circuit impedance being an inductance with a reactance resist¬ 
ance ratio between 25 and 50. In this case the increase in capacity is 
greater than when an equal amount of resistance was used in the plate 
circuit. Thus, with a reactance in the plate circuit of 50 kilohms the 
input circuit has a capacity of 82 /xa/, whereas a resistance of 50 kilohms 
gave an input capacity of only 65 idjjif. This difference in behavior of 
reactance and resistance is due to the fact that the a of the circuit is 

greater in one case than in the 
other, as will be explained later. 

/riiat any eai)acity present 
between 4h(* grid and plate, and 
which is not in the field of the 
grid-filament condenser, is in¬ 
creased by the factor (c^+l) was 
proved by actually conn(‘Cting 
a capacity of 20 gg/ across 
the plat(‘-grid terminals of the 
tube and noting the increase in 
the elTective capacity of the 
input circuit, the a of the circuit 
being 4.2. The capacity of the 
input circuit increiis(‘d by 102 
jjLfjfy wh(‘reas calculation would 
make it increase by (4.2+1) X 20, 
or 104 fjL/uf. 

The conductance of the input 
circuit of the tube wafi negative 
throughout a certain range oj 
plate circuit reactance, thus indi¬ 
cating transfer of power from the plate circuit bach to the grid circuit, with 
no other coupling between the grid and plat(‘ circuits than what existed in 
the tube it.self. This curve shows that thc^ three-el(‘ctrode tube is not 
inherently a ‘^one-way ref)eater,^' as has beem commonly supposed; the 
output circuit dexis control the input circuit to an appreciable extent,^ suffi¬ 
cient in fact to maintain the tube in operation as a generator of a.c. 
power when it is connected to the proper circuit. If the grid circuit and 
plate circuit are each tuned to the same frequency, as indicated in Fig. 81, 

* It will further be appreci/ited that the grid-plate capacity serves as a coupling 
condenser for the input and output circuit, resulting in the double resonance peak tun* 
ing condition analyzed on pp. 133 et seq. 



Fiq. 80 .— Capacity and conductance of the 
input circuit of an amplifying tri<Klo, a.sth(* 
plate circHiit reactance i.s varied. Note 
that the input conductance i.s negative 
throughout a certain range of the re.'ictance. 
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the tuning condensers are sufficiently small (and the coils fairly efficient), 
the coupling of the two circuits inside the tube may be sufficient to 
maintain the tube in the oscillat¬ 
ing state, alternating currents 
flowing in circuits L 2 C 2 and LiCi. 

In Figs. 82 and 83 are shown 
the characteristic curves of two 
of the other tubes tested. It is 
seen that the same general shape 
holds for all three electrode tubes, 
the difference being one of degre(' 
only. The capacity of the grid- 
ground circuit of the ordinary 

lube, when it is operating with capacities the tube will 

the normal amount of r(‘sistance maintain itself in an oscillatory state, due 

(or reactance) in the plate circuit, to the negative conductance as shown in 

is from five to ten times as much ^ 
as the geometrical capacity of 

the circuit, and tlie amount of this increase is coyiirolled yrincipully by 
the capacity between the grid and plate. 

As has been pointed out, tlie characteristics of the input circuit of a \u\jc 

depend upon the relative phases of 
the input voltage' and the voltage 
variation between the plate and 
filament. As this phase relation 
>§ will evidently depend upon the 
’ -1 kind and amount of reactance in 
the external portion of the plate 
circuit we may expect the input 
' characteristics to vary with the 
' § input fretiuency because this will 
, ? determine the reactance, other 
. things being constant. This effect 
' has been investigated theoreti¬ 
cally by Ballantine,^ who shows 
tlial for resistive plate circuit the 
effective input capacity decreases 
with an increase in frequency and 
tlie input conductance increases 
with an increase in frequency. 
For reactive plate circuit the effect of frequency may Ix' to either de¬ 
crease or increase the input circuit constants, dejx'nding upon the amount 
of the reactance used. 

* Stuart Ballantine, “The Thermionic Amplifier,’' Phys. Rev., Vol. XV, No. 5. 
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riulc circuit rl■si^tJlncc in ltd ohms 

Fig. 82. Vari.tfion in condurtanro ami 
capacity of the input circuit of a tele¬ 
phone repeater tube :us plate circuit 
resistance is varied. 



I'lG. 81.—In such a circuit as this, with effi- 
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Reducing the Input Capacity. —The effect of the input capacity of 
a tube is frequently troublesome; it makes the tuning of the input circuit 
^ ^ ^ ^ ^ ^ ^ ^ ^ ^ triode depend to a certain 

IiEiEiiiiii i~ ^ extent on the adjustment of its 

i_: plate circuit and, more important, 

lEEEEEEEEEEE^EE^nSiTrfEEEEET ^ negative resistance caused by 
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Fia. 83.—Variation of conductance and ca¬ 
pacity of the input circuit of a larji;e power 
tube as plate-circuit reactance is varied. 


Fig. 84. The .sliielded ^^rid tube; the 
shielding j^nd i.s made to completely 
surround tht? f)late. 


the overlapping of the grid-filament condenser and pliile-filament con¬ 
denser frequently causes undesired oscillations. 


Shield Krid 



Fig. 85.—By this connection the shielding 
grid is prevented from changing its po¬ 
tential with respect to ground, thus pre¬ 
venting the varying electric field of the 
plate from reaching through to the con- 


With the ordinary type of triode 
it i.s possibh^ to use a circuit arrange¬ 
ment which neutralizes th(‘ effect of 
this mutual capticity effect; such 
a scheme has been much used in 
tuned radio-frequency amplifiers, 
where the undesired oscillations 
are very likely to occur. But it is 
possible to eliminate the trouble by 
using a specitdly designed four- 
electrode tube, in which a special 
shielding grid is used. The general 
idea of this form of tube is shown 
in Fig. 84. 4'he control grid is 
the ordinary helical one of fine 


trol grid. 


wire and the plate has the custom¬ 


ary cylindrical form. The shield 


grid is a double helix, one inside and one outside the cylindrical plate. 
This shield grid is connected to ground (in so far as alternating fields are 
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concerned) as indicated in Fig. 85. Actually it is connected directly to 
a suitably positioned point in the B battery, but its positive potential, so 
fixed, cannot vary with respect to ground. This construction therefore 
prevents the electric field of the plate reaching through and affecting the 
control grid. That is, no matter how much the plate voltage fluctuates, 
with respect to ground, due to the potential variations across coil L, these 
fluctuations cannot be felt at all in the grid-filament circuit. It is claimed 
by Hull that this construction so stabiUzes the amplifying action of the 
triode that he finds it possible to build amplifiers having a voltage ampli¬ 
fication of 100,000 times, and experience no trouble from undesired 
oscillations. 

Transconductance of a Triode.—The real function of a triode used 
as an amplifier is to produce a large change in the plate-circuit power for 
small changes in grid voltage. By combining the plate circuit resistance 
with the amplification constant of the tube we get some idea as to how 
well the tube performs this function. 

We have 


with ij, constant. 


with Cy constant. 
Then 


(kp 

^ (kg 


(kp 




(16) 


This quantity,has been called the miitudl conductance of the triode but is 
now properly called the (jrid-platc transconductancey and this is generally ab¬ 
breviated to inen'ly transconductance. Being the reciprocal of a resistance 
(as fjL has no dimensions) it is measured in mhos. The mho is, however, 
too large a unit for the ordinary triode, so that Sm is ordinarily measured 
in micromhos. 

By multiplying the signal voltage, by the transconductance Smy 
we find the amount of alternating current set up in the plate circuit by the 
signal, this on the assumption that there is no external impedance in the 
plate circuit. 

In Fig. 86 are given the characteristics of the two standard receiving 
tubes being used today. The UV-199 tube uses about 0.06 ampere in its 
filament, at 3 volts, and the UV-201A uses 0.25 ampere at about 5 volts. 
With 100 volts on the plate of the 201A the data of Fig. 86 tell us that 
there will be set up in this plate circuit, by a signal of 1 volt on the grid, a 
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fluctuation of plate current equivalent to an alternating current of 800 
microamperes. 

If a load is connected in the plate circuit, a loud speaker, for example, 
of the same resistance as the plate circuit of the triode itself (10,000 ohms) 
then the 1-volt signal will produce only one-half as much alternating 
current in the plate circuit, that is, 400 microamperes. 

Tubes with Gradually Changing Transconductance. —In Fig. 68 there 
are shown two types of triode construction which result in variable 
this decreasing as the negative bias of the grid is increased. Such a 
construction results in a value of transconductance which varies more 



Piute voltape 

Fig. 86.—Tran.sconductanne, ampIi6rafion factor, and plate-circuit resistance of two 
of the triodes much used in the past. 

gradually as the grid bias is used in amplification control, than does the 
ordinary grid construction. This is a desirable characteristic, and vari¬ 
able yi tubes are used in this way in modern receivers. In Fig. 87 arc 
shown two curves of transconductance, both for modern tubes; type 24 
has a uniform grid construction and type 35 has a variable g construction. 
This type of tube (gradually varying 5^) has other advantages which will 
be discussed in Chapter VIII under the topic of modulation distortion. 

Operation of Three-electrode Tube as Detector of Damped-wave 
Signals. Grid Condenser. Leak Resistance. Normal Grid Potential.— 
Any detector of high-frequency currents must in some way cause low- 
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frequency pulsations of current through the telephones when the device 
itself is actuated by high-frequency currents. The frequency of the 
low-frequency pulsations is fixed by the number of dainped-wave trains 
arriving at the antenna per second 
in case of reception of a signal 
from a spark station, and is fixed 
by local conditions when receiving 
from a continuous station. The 
case we shall consider in this sec¬ 
tion is for spark signals only; 
damped-wave trains of tlu^ form 
shown in Fig. 88 are to be detected 
by the threc-(dect rode tube. The 
time between wave trains A ir.ay be 
from 0.005 to 0.(^0(]5 second; the 
duration of a wave train B may be 
from 0.00001 to 0.001 second, and 
the time of one cycle, C, may be 
from 0.0000001 to 0.C0003 second. 

Wherea^’ the following discussion 
is carried out for spark signals, 
which have today comparatively 
little importance, it has direct ap¬ 
plicability to radio tek'phone recep¬ 
tion. Exactly the same ideas are involved in the detection of telephone 
signals as for tlie reception of spark signals. 

The function of the detector is to produce, in the telephone, fluctuations 
of current, of fre(|uency fixed by the time A, as large as possible with a given 

-B-> 

—- aA/VWVw^ 

i i 

I I 

<-A-k:^, 

Fig. 88.— CDiivoiitional representation of part of a damj)ed-wave signal. 



Fig. 87. —Showing the grid-plate transcon- 
ductanee of two modern receiving tubes. 
The type 35 is a variable fu tube. 


amplitude of signal voltage. The scheme of connections used when no 
condenser is inserted in series with the grid of the tube is shown in Fig. 
89; the ground terminal of the input circuit is generally connected to 
the negative end of the filament or to some point in the circuit at a 
lower potential than the negative end of the filament. This is possible 
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by either of the two schemes sketched in Fig. 90; in (a) a resistance R 
is inserted in the negative filament wire and the potential of point A is 
thus lower in potential than the negative end of the filament by an amount 
I/R, generally 1 volt or less, whereas in (6) a battery C is inserted in series 
with the input circuit to properly lower the grid potential. In case a 
careful adjustment of this potential is desired (generally not necessary) 
the grid may be connected to battery C through a suitable potentiometer 
connection. 

In modern radio sets the power supply for plates and grids is obtained 
from a rectified alternating power supply. This power supply circuit 
always has a high resistance connected across the rectified supply, and 
the proper plate potentials and grid potentials are obtained by connect¬ 
ing the respective circuits to the proper points on this resistance. 

The reason for maintaining the grid at a negative potential is evident 


b 



Fig. 89.—Connection scheme for using a 
three-electrode tube as detector, without 
use of a condenser in series with the grid. 



Fig. 90.—Two schemes for maintaining 
the average potential lower than the 
lowest potential point of the filament. 


in looking at the input circuit conductance curves previously given; sup¬ 
pose the conductance of the grid circuit is 10 ■'" mho, and the signal being 
received is 600 meters, the tuning condenser Ci (Fig. 89) being set at 200 
fjLfjf, A conductance of 10'"'" mho is equivalent to a shunt resistance of 
10® ohms around condenser Ci, and this is approximately equivalent 
(by Eq. 38, Chapter II) to a resistance of 25.4 ohms in series with Ci. 
But such a large resistance would materially interfere with the selectivity 
of the receiving circuit, in fact would make it practically useless if there 
was much interference; the resistance of the receiving circuit itself 
would be only a few ohms, perhaps five. 

When discussing radio telephony there will be analyzed another reason 
for maintaining the grid at a suitable negative potential, namely the dis¬ 
tortionless reproduction of speech and music. 

The characteristics of the tube being as shown in Fig. 91, the normal 



OPERATION OF TRIODE AS DETECTOR 


637 


grid potential being Eooi the question is how much will the telephone 
current (Fig. 89) change during the time one of the wave trains of Fig. 88 
is actuating the grid. By actually plotting the values of plate current for 
each grid potential we get the curve of plate current shown by ij, in Fig. 
91, while the grid potential is undergoing the changes indicated by the 
curve eg. The increase in the average value of the plate current is indicated 
by the dotted line in Fig. 91, and this average increase, during the time 
the grid is being excited by a wave train, is what determines the response 
of the telephone diaphragm. Such a use of the static characteristic of the 
tube is permissible only if the receiving circuit is so arranged that, as the 
signal is received, the plate potential docs not appreciably vary; this 
condition implies an external plate 
circuit of impedance which, com¬ 
pared to the internal plate resis¬ 
tance, is negligible for the frequency 
of the signal. 

The author arranged a tube cir¬ 
cuit so that its input voltage and plate 
current could be recorded on an os¬ 
cillogram, when a damped sine wave 
of about 100 cycles (having the gen¬ 
eral form of an actual wave train from 
a highly damped spark station) was 
impressed on the input circuit; some 
of the films obtained are presented 
herewith. In Fig, 92 are shown the 
input voltage, plate current and 
telephone current when the grid was 
made normally 2.5 volts negative 
with respect to the filament. A large 
capacity condenser was shunted 
around the coil representing the tele¬ 
phone of an ordinary receiving set so that the high-frequency current 
was not forced to flow through this coil. This condenser charged up 
during the first part of the wave train more rapidly than it discharged 
through the coil, so that its charge increased. Then as the wave train 
was reduced to zero by damping, the fluctuations in plate current ceased 
and the condenser continued to discharge through the coil; this action 
caused the current through the coil to lag somewhat behind the wave 
train impressed on the grid, as is evident from the film. 

The signal used in getting this film, as well as those to follow, was much 
stronger than an actual radio signal; the change in “ telephone ” current 
in Fig. 92 is about 5 milliamperes, whereas actually a fairly strong radio 



Fig. 91. —Analysis of the action of the 
three-electrode tube as detector of 
damped wave signals; assuming a cer¬ 
tain variation in grid potential the re¬ 
sulting fluctuation in plate current can 
be plotted from the plate current, grid- 
potential curve of the tube. 
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Fig. 92.—Oscillogram showing rectification wi 
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signal may not produce a change in the telephone current of more than 
a few microamperes. I^'igs. 91 and 92 show tlie rectifying action of a 
tube brought about by the increase in plate current being greater than 
the decrease; the grid was put as such a negative potential that the 
tube was operating well down on its characteristic about as indicated 
at A, Fig. 93. 

The grid potential was then made positive sufficiently to rectify by 
giving a greater decrease than increase in plate current; Figs. 94, 95, and 
96 show the forms of potentials and currents when putting sufficient 
positive potentials on 
the grid to bring it to 
points B, C and D (Fig. 

93) respectively. It is 
to be noted in the film 
shown in Fig. 96 that 
at the highest positive 
grid potentials th(‘ plate 
current had actually 
decreased; the amount 
of current taken hy the 
grid was sufficient to 
bring about a decrease 
in plate current. In 
each film the zero lines 
of potential and cur¬ 
rents are shown. 

An elementary 
analysis show that the 
efficiency of a tube for the purpose of detection (i.e., its rectifying power) 
depends largely upon the radius of curvature of the plate-current grid- 
potential characteristic. We put 

With no signal Io„=f{Eo(/)iind when the signal voltage AEg is impressed 
on the grid ^ ^ =f{E.^+AE,) 

=/(£„„)+ +••• 



Fig. 93.—Form of the plate current, grid-potential curve 
of the tul)C used in getting the films of Figs. 92, 93, 94, 95. 


Eo^ 


Eoi 


Then we have as an approximation 


Mp^AEg 


dip AE/ d^ 
dEp 2 dEp- 
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Fig. 94.—Rectifying action of tube adjusted for normal grid potential as at R, Fig. 92. 
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Fig. 96.—Rectifying action of tube adjusted for normal grid potential as at Z>, Fig. 92. Note that for the highest value of grid potential 
occurring during the application of the signal the plate current actually decreases. 
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If ^Eg is periodic the average value of the first term, LEg is zero, 

(lEg 

SO that the average value of Alp becomes equal to the average value of 
AE ^ d^I 

— - - 7 ^. Now, if AEg is a sine function of. time of the form, E sin 

2 dEg" 

we have for the average value of the change in plate current 


T to be taken as an even number of cycles. 

The increment in plate current therefore varies with the square of the 
signal strength, a defect practically all rectifying devices have. That 
this property of the tube is a defect becomes apparent when we consider 
its application. The increment (or decrement) in plate current in what 
makes the radio-frequency signal audible to the operator, so we may say 
that the increment in plate current per volt of signal is a measure of the 
efficiency of the tube as a detector. The efficiency then increases directly 
proportional to the signal strength; Eq. (17) shows that the rectified current 
increases with the square of the signal strength. 

It is to be remembered, of course, that in deriving Eq. (17) it was 
assumed that the plate current varies with the square of the grid voltage; 
that is, we assumed it was a parabolic curve. In so far as this is not so 
the conclusions we dra\v from Eq. (17) are incorrect. In general, it will be 
found that all types of tubes do follow Eq. (17) for weak signals, say 
small fractions of 1 volt, but for signals measured in volts the rectified 
current in the plate circuit increases less rapidly than Eq. (17) predicts. 
Thus, it is said, that for strong signals a suitably arranged tube gives 
linear detection] it is true only when the detector is handling powerful 
signals. Such a detector is often referred to as a power detector] the term is 
generally used only when the detector input is arranged to function prop¬ 
erly with input signals measured in volts, say up to 10 or even 20 volts.^ 

Automatic Grid Bias Control.— Frequently a detector is arranged to 
have its grid bias automatically increase as the signal impressed on the 
grid is increased. This may be done by inserting a resistance in the plate 
circuit, next to the cathode, and using the drop across this resistance as the 
grid bias voltage. One scheme is indicated in Fig. 97; the resistance R 
of perhaps several thousand ohms, has an IR drop which increases with 
the average value of the plate current, that is, with the signal strength. 

^ A very thorough analysis of the detecting action of a triode, using the curvature 
of the plate-current curve to obtain rectification (so-called plate detection), hiis been given 
by Woods, as Engineering Research Series 28 published by the University of Texas as 
Bulletin 3114, April 8, 1931. Woods discusses the action of the tube for both weak and 
strong signals. 
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In Fig. 98 the effect of such a resistance is shown by curves By C, and D, 
The two condensers of Fig. 97 are to by-pass the radio and iudio fre¬ 
quencies to prevent the loss in rectification which would occur if these 
alternating currents had to traverse the resistance R. Condenser C\ has 
perhaps 0.001-^/ capacity, and condenser C 2 has 1 nf. The best values 

depend upon the amount of re¬ 
sistance in R and upon the type of 
tube used. 

It is to be pointed out that the 
condensers C\ and C 2 in series form 
a by-pass around the primary of 
transformer T, and it may well be 
that for the higher audio frequencies 
these condensers which aid the 
rectifying action of the triode may 
actually diminish the amplifying 
action by forming a low impedance shunt around the transformer primary, 
or other high impedance load used in the plate circuit. 

The curve of Fig. 91 is obtained by maintaining plate voltage constant; 
if there is a high resistance or reactance in series with the B battery, the 
effect is to straighten out the characteristic curve, and so decrease the 
value of d’lp/dEg^ throughout the whole extent of the curve as shown by 
the dotted line curve in Fig. 93. The reactance of a pair of phones, for 


Fig. 97.—Detector circuit arranged for 
automatically controlled grid bias; the 
plate current, flowing through pro¬ 
vides the bias. 


radio-frequency current may be 
very high, hence the effect just 
mentioned might exist; to 
eliminate it a condenser should 
be used in shunt wifli the 
phones, thus furnishing a low 
impedance path for the high- 
frequency current and so 
maintaining the plate voltage 
essentially constant as the grid 
potential fluctuates. In Figs. 

92, 94, 95, and 96, a condenser 
by-pass around the phones 
was used, its impedance for the frequency used was very much lower than 
that of the phones, so that practically all of the high-frequency pulsations 
took place through tlie condenser, the telephone current changing only as 
the average value of the plate current decreased. 

Plate Rectification of T3q)ical Triode. —The rectifying action of a triode 
may be shown by impressing an alternating voltage signal, of adjustable 
strength, in the grid-cathode (input) circuit and reading the plate current 



Fig. 


-Action of a type 27 detector with 
automatic grid })ia8. 
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with a c.c. ammeter. The amount of rectification is shown directly by 
this ammeter in the plate circuit; this will not respond to the alternating 
component of the plate current. 

In Fig. 98 is shown the rectifying action of a type 27 triode, arranged 
with a large grid bias so that comparatively large signals may be impressed 
on the grid before this draws current. According to Eq. (17), the incre¬ 
ment in plate current, A/j,, should vary as the square of the signal voltage, 
and the plate current curve of Fig. 98 follows this law approximately. 
The grid should not draw current unless it becomes positive; in Fig. 98 
it starts to take current when the signal voltage equals 13.5 volts (effective). 
Such an amplitude of signal is just sufficient to make the grid go positive 
for a small faction of the cycle. 

New types of tubes are continually appearing. Thus the type 27 
triode, using 1.75 amperes at 
2.5 volts in its filament is now 
replaceable by the type 56, 
which uses only 1.0 ampere 
at 2.5 volts. This triode used 


Fio. 99.- Arrangement of three- 
electrode tube for detection by use 
of a condenser in scales wit lit ho grid. 

as grid bias detector, employs 250 volts on the plate, and sufficient bias to 
reduce the plate current to 0.0002 ampere when no signal is impressed on 
the grid. This requires about —20 volts on the grid. Used as a grid rec¬ 
tification detector the plate voltage is only 45; a grid condenser of 
0.00025 and leak of 1 to 5 megohms is used. 

The manufacturer suggests the use of this triode as a diode (Fleming 
valve). The plate and cathode are connected, and the signal is impressed 
between cathode and grid. A signal of 40 volts (eff.) may be rectified by 
this scheme. 

Effect of Grid Condenser. —The average three-electrode tube will 
give better rectifying action if the curvature of the Ig~Eg curve is used 
instead of that of the Ip-^g curve. The use of a suitable condenser in 
series with the grid enables us to utilize the curvature of the grid-current 




-1.0-S -.6 -A -.2 -0 -f.2 +.4 +.6 -►.jj '*•1.0-0.2+1.4+1.6 


Grid potential (referred to negative end of filament) 

Fio. 100.—Plate and grid current for a t^iiical 
triode. 




546 


VACUUM TUBES AND THEIR OPERATION 


[Chap. VT 


curve; the ordinary connection is shown in Fig. 99, the resistance R 
being about 1 megohm for the average tube. It is called the leak ” 
resistance and its function will be explained shortly. The potential of 
the grid (when signal is coming in) depends upon the value of the leak 
resistance, the fonn of the Ig-Eg curve, and upon the potential of the 
point to which the ground end of R is connected. 

The form of the Ig-Eg curve for a typical detecting tube is shown in 
Fig. 100; the curves are shown for comparatively large change in the grid 
potential, much larger than generally occurs when the tube is being used. 
As would naturally be supposed, the free grid potential is that for which 
the grid current becomes zero in the graph; when free the grid potential 



-.4 -.2 .0 ^ t .4 +.6 - f .8 +1.0 +2 +.4 +.6 +.8 +2.0 

Fig. 101.—A diagram for determining the normal grid potential of a tube connected as in 
Fig. 99; the leak resistance is supposed to be connected to the positive end of the 
filament and the IR drop in the filament is a.ssurned as 2 volts. 

will decrease to such a potential that no more electrons tend to ac¬ 
cumulate on it. 

When using such a tube in the connection scheme shown in Fig. 99 the 
first point to be examined is the potential at which the grid will set itself 
when no signal is being impressed on the grid. It is common practice to 
connect the end of resistance R to the positive end of the filament, and 
we will so assume it in finding the normal grid potential. In Fig. 101 is 
shown the grid current (with enlarged scale for Ig)\ it is supposed that 
the IR drop in the filament is 2 volts. The straight line AB 'm drawn 
through the point £^<,= +2 and at an angle such that cot = The 
point C, where this line intersects the Ig-Eg curve, fixes the normal 
grid potential, Eog. This follows from the fact that whatever current 
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flows to the grid must return to the filament (positive end) through the 
resistance R and so cause in this a drop of IgR; furthermore this drop, 
added to the normal grid potential Eog, must give a voltage equal to 
+2 volts, the potential of the positive end of the filament. 

If the leak resistance is 10^ ohms, cot </> must be 10® when the scales 
of potentials and currents are in corresponding units as, e.g., volts and 
amperes. As the scale of current in Fig. 101 is 10® smaller than that of 
potential, the angle </> in this diagram is so drawn that cot <t>=10. If 
a leak resistance of only 5X10® ohms were used, the normal value of grid 
potential Eog would be as shown at C', obtained by making cot 0 = 5. 

When an alternating e.m.f. is now impressed on this input circuit, 
the grid will start to fluctuate about its normal value of potential, Eog\ 
its potential will be increased and decreased from the value Eog equally 
for the first cycle. Due to the form of the Ig-Eg curve, however, the 
increase in current, when the impressed e.m.f. is positive, is greater than 
the decrease in current when the impressed e.m.f. goes negative, and this 
rectifying action tends to increase the number of electrons accumulated 
on that side of the condenser C (Fig. 99), which is connected to the grid. 
But this accumulation of electrons must depress the potential of the grid 
below its normal value, and so cause a decrease in the plate current. The 
amount of this decrease in plate current for a given alternating e.m.f. 
impressed on the input circuit, is a measure of the efficiency of the tube 
as a detector, so we shall inve.stigate this point more fully. 

Before starting this analysis it is well to point out that whereas a tube 
may detect by either an increase or decrease in plate current w^hen no 
grid condenser is used, wdth the grid condenser a signal always produces 
a decrease in plate current, never an increase. 

At the end of the wave train the grid condenser C (Fig. 99) wdll bci 
charged (negatively on the side connected to the grid) and this charge 
must leak off before the next wave train arrives, otherwise the tube will 
not respond to a signal as well as it should. The time taken for the 
charge to leak off from C depends upon the magnitude of C and the leak 
resistance /^, in fact, can be calculated directly from these tw’o quantities. 
In a time equal to RC, 63 per cent of the charge will have leaked off; if the 
tube is to operate efficiently as a detector therefore the product RC must 
be small compared to the time betwwn the successive wave trains of the 
signal. 

On the other hand, C must be as large as feasible and R also must be 
large, otherwise a large fraction of the signal voltage wall be used up in C, 
and thus be of no service in producing sound in the telephones. The 
input circuit of Fig. 99 may be represented as in Fig. 102; C is the ex¬ 
ternal condenser used in series with the grid, C' is the capacity of grid- 
to-ground inside the tube and r is the leakage inside the tube itself. The 
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values of C' and l/r (tube conductance) for various tubes were given 
in Figs. 71-83; the impedance between D and B. Fig. 102, is therefore 
calculable when R is given. Designating this impedance by Ze, we then 
find that the voltage impressed on the grid of the tube is equal to the 
input voltage (across points A-~B^ Fig. 102) multiplied by the fraction 


Z, 



the addition and division being carried out vectorially. 

In addition to the features just analyzed we must remember that the 
impedance between points A-B is to be kept high as this input circuit 
is connected directly across the tuning condenser of the receiving set. 
With the detecting tubes commonly used it seems that C = 5X10“^® and 



Fig. 102.—A circuit equivalent to the input cir¬ 
cuit of a detector tube; C' represents the 
effective capacity of the input circuit and l/r 
represents the conductance of the inj)ut cir¬ 
cuit. These quantities for different tuijes 
were shown in Fij^s. 71-83. 



Fig. 103.— Wlien detecting by grid con- 
dens<‘r, the decrease in average grid 
fX)tentiaI is brought about by an in¬ 
crease in the current in. 


ft =10® give the best results. For tubes having smaller internal capacity 
lower values of C and higher values of ft are better suited; thus the detect¬ 
ing tube shown at J, Fig. 31, is generally used with (7 = 4X10~‘® and 
ft = 4XlO®. 

The magnitudes of ft and C must \)c determined by a certain compro¬ 
mise involving sensitivity and selectivity of the receiver, and so-called 
frequency distortion, to be analyzed in a following section. 

Analysis of Detector Action with Grid Condenser. —The arrangement 
we are to discuss is ^hown in Fig. 103. When the signal E sin pt is absent 
the plate current has a certain value, /^p, and when the signal is impressed 
this current decreases by a certain amount, A/p, which we wish to calculate. 

First analyzing the action qualitatively we have the following facts 
to consider. The potential of the grid, with no signal, Eogy must be 
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controlled by the resistance i2, in fact it is equal to IrR, With no signal 
Iq^Ir and both of these currents are constant in value. If /^ = 0, 
and if R = cc then Eog is equal to the free grid potential of the tube, 
ordinarily a volt or two lower than the negative end of the filament. 

When the signal is impressed a part of its magnitude is used up as 
IX drop in the condenser C but we will neglect this for the moment and 
suppose the whole signal voltage E sin pt appears between the grid and 
filament. Now the shape of the grid current-grid voltage curve results 
in a greater increase in grid current when the signal is positive than decrease 
in grid current when the signal is negative. That is, the grid current 
experiences the same action as does the plate current in Fig. 91. This net 
increase in grid current first accumulates a charge of electrons on the grid 
and on plate A of condenser C, thus making the grid go more negative than 
when no signal is impressed. After the condenser C is charged as much 
as the signal can accomplish the steady state is reached and the average 
value of ig must now be the same as the average value of in. The 
average value of the grid voltage with signal, E'og will be more negative 
than the value of Eog because of the charge on condenser C. The signal 
voltage will now make the grid fluctuate up and down around the 
potential E'og whereas when the signal is first impressed it fluctuates 
about Eog- 

As the average potential of the grid has been depressed the average 
value of the plate current will have been decreasedy we conclude. However, 
it is not decreased as much as we might suppose because of the curvature 
of the plate current-grid potential curve. 

When the grid fluctuates about its potential E'ogy the average value of 
the plate current is greater than the value indicated by the grid potential 
E'og because of the action shown in Fig. 91. 

So the detector action with grid condenser involves two opposing 
actions, grid rectification tending to decrease the average plate current 
and plate rectification tending to increase the average value of the plate 
current. The former action always predominates so that detection with 
grid condenser is always accompanied by a decrease in the average value 
of plate current when a signal is impressed. In Fig. 104 this detector 
action is shown; in the diagram the curvature of the grid current has been 
somewhat exaggerated (over that of the actual curve in Fig. 100) to make 
it possible to clearly represent very small differences. Thus the change 
in average grid voltage, AEgy is shown one-third the value of the signal volt¬ 
age E, Actually the grid current curve may have much sharper curva 
ture than this, and docs have in some triodes. In Fig. 105 are shown the 
forms of grid current-grid voltage curves for a type 201 A triode and for a 
type 27 triode. It is seen that the latter, a heater-type tube, has very 
sharp curvature in its grid'current characteristic. 
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Before the signal comes in the grid current is steady (Fig. 104), at the 
value, Io 9 i and this current is flowing through R, holding the grid at poten¬ 
tial Eog- As soon as the signal, E sin pty is impressed the grid current fluc¬ 
tuates from a to 6, having an average value shown by the dashed line A. 
The excess of this current A, over /„^, flows partly into condenser C and 
partly through R, In the steady state, with signal impressed, no current can 



Fig. 104.—Showing the action of the triode when detecting by the action of the grid 
condenser; the net rectification is a result of two opposing actions. 


flow through the condenser, but the charge it has accumulated from the 
effect of the signal, has depressed the average grid potential by AEgj thus 
making the new average grid potential E'og. 

The signal still being impressed, the grid current now fluctuates from 
c to dy having an average value shown by the dashed line B, The grid 
current (average) has therefore been increased by the signal by the dif¬ 
ference between hg and the value indicated by line B, This increase 
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in average grid current, flowing through the resistance R, must give voltage 
drop equal to the AEg shown on the diagram (Fig. 104). 

In the steady state, with signal impressed, the plate current evidently 
fluctuates from e to / on the plate current curve, giving a plate current as 
shown by z'p. "rhc average value of this current is shown by the dashed 
line C. With no signal tlie plate current has the value shown at h so that 
the plate current has decreased by the amount Alj, as a result of the signal. 

It is to be noted that for the average grid voltage E'oo the plate current 
should be as large as shown at g. fl'his would result in a somewhat greater 
decrease in current than actually occurs, as shown at A'/p. The difference 
between A'lp and Alp is caused by the upward curvature of the plate 
current curve. 

We see then that grid rectification by itself gives a change in plate 
current equal to A'Ip but that rectification due to plate current decreases 
this to Alp. This effect will be shown in the analysis to follow. 

As mentioned above the various (piantities are not shown in their proper 
proportions in Fig. 104; it has been necessary to exaggerate some of them 
to keep the diagram clear. 

When the signal is impressed, we have 

Cg = E'og+E sin pi .(18) 

As grid current is a smooth curve, we ma}^ put 


• _ r . ^ I ^ / TTf \ o 1 

^ y E>u T 7, t.' ”1“ 7 f.’ » V y •^oy)" 4“ 




2dE/ 


(19) 


Now in — Cg/R and in average values iH — ig. For the average value, 
we use the averag(' value as given by Eq. (19) and for the average value 
in we us(‘ av(‘rag(‘ c,, R and write the average value of c„ from Eq. (18). Thus 

4(A"oy + E sin pi)=L,g+~^{E'og+E i>\\\ pt-E^g) 

R (fhg 


1 fl. 

2 ^lEg^ 


[{E^ 


~\-^{E'og — Eog)E sin pt-\-h'‘ sin- p/]T. . . 


( 20 ) 


But sin pi = 0 


\ 

R 


and sin- pi = and {E\,g — Eog) = AEg. 
dia 


F' — T -L. 

og ^ ng | 




So 


E- 1 

In ordinary triodes 7 r> > AEg- ] also —Eog==L^ 
2 



dig d^Ig 

^%iEg'^ 4 dEg- 


so we may write 
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or d-Ig 

= f .. 

4 1 dig 
R dEg 

In the steady state eg={Eoa+^Eg) + E sin pL 

And 

ip== Iop+-^{€g — Eog) + ^^~^XCg — Eoay+ . . . 

So 

= sin pt)+\ ^^;(A/<:„- + 2Ay<;„Xi'> sin pl + E- sin^ pi) 

(iEg " 

So the average chaiigo in plate current is 

and as 

y>>A^V 

we have approximately 

= .(22) 

a Eg 2 (IEg- 2 

Combining (22) and (21), wo finally get 

/ 

A/p— A ^ jj I it”, I.(2*1) 

\R~'dEg 

And with ordinary tubes and circuit constants this may be written without 
much error 

f.(24, 

4 dig (IEg 

~dK 


It must be remembered that E is not the voltage impressed upon the 
input circuit (i.e., the signal voltage), but something less due to the drop 
in the grid condenser. The solution in Eq. (24) supposes the signal has 
persisted long enough for the steady state to be reached; if a damped sine 
wave is impressed, the detection efficiency will depend upon the decre¬ 
ment, size of grid condenser, etc., as analyzed on p. 554. 
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In Fig. 105 are shown the grid currents of two modern detecting tubes 
and in Fig. 106 curves for two older types. If no grid condenser were used 
with these tubes we find (using Eq. (17) and measurements of slope, etc., 
from the curves) that to produce an increase of 1 microampere in the aver¬ 
age value of the plate current requires an alternating voltage of 0.15 volt on 
the grid for tube A and 0.19 volt for tube B. These values were calculated 
on the assumption that the normal grid potential is zero, which means that 
the input circuit is connected to the negative end of the filament. 


If the grid condenser were 
used with these tubes, having 
leak resistances of 1 megohm, 
these leaks being connected to 
the positive end of the filaments, 
the normal grid potentials would 
be as indicated by the large 
circles on the curves of Fig. 
105. Using E(i. (24) we find that, 
to produce a dt'crease in the 



« O T3- 

' • ■ ' r4 rH C'i 

Grid potmtinl, volts 


Fig. 105. —Grid ciirrent-Krid {xitential 
curves of two triodes much used as 
detectors. 



0 -*-.1 t.2 +.3 +.4 +.5 f G -*•.? f.S +.9 -H.O 
Grid potential 


Fig. 106. —Characteristic curves of two de¬ 
tector tubes. I'sing Eq. (24) it is found 
that to change the average plate current by 
1 microampere requires a signal voltage of 
0.059 volt for tul)e A and 0.052 volt for tube 
B. Without grid condensers the tubes re¬ 
quire about three times as much grid volt¬ 
age for the same change in plate current. 


plate current of 1 microampere, for tube A requires an alternating voltage 
on the grid of 0.059 volt, and for tube B it requires 0.052 volt. Both 
these tubes would therefore be much better detectors with grid con¬ 
densers than without them, and such was found true experimentally. 

In Fig. 107 is shown the great difference in the form and magnitude 
of Ig and Ip when the junction of grid-filament circuit is changed from the 
negative end of the filament to the positive end; the difference is very 
much exaggerated here because of the low value of the voltage of the 
battery in the plate circuit. 
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In Fig. 108 are shown the cliaracterisiics of an old Deforest detecting 
bulb, the filament current being at the rated value for this type of bulb. 
It will be readily appreciated that such tube would act peculiarly as dif¬ 
ferent adjustments were made. Thus with a plate voltage between 30 and 
50 the tube would not detect, with or without grid condenser. With 
20 volts in the plate the tube gave very good detection with or without 
grid condenser; with 10 volts on the plate the tube gave fair detection 
with grid condenser and none at all without grid condenser. 

Effect of Frequency and Decrement of Signal. —The previous analyses 
have not taken into account the amount of electricity available for charg¬ 
ing condenser C] only relative reactances, etc., have been considered. 
But it is evident that if the condenser is to be chargcnl the grid current 



Grid iK)tential 


Fig. 107.—With low i)late voltaj^es it makes 
a great deal of differenee whether the grid 
is connected to the positive or negative end 
of the filament; plate current indicated by 
circles and grid current by crosses. 



Grid poUntiul 


Fi(i. 108.- Peculiar chnrecteristics of an old 
Deforest audioii detector; such a tu))e de¬ 
tects in very erratic fashion, prol)ably 
owing to th(‘ considerable amount of gas 
left in the tube. 


must supply the electrons required, and it may be thjit the current is not 
sufficiently large to do this, in the .short time the signal is impre.ssed. 

Suppose the signal voltage has the form shown in Fig. 109; it reaches 
its maximum in three cycles and then rapidly decreases. If possible 
the grid condenser C should be charged up to a potential fixed by the 
maximum value of this signal. To make the problem simple we will sup¬ 
pose the amplitude of the voltage to haVe its maximum value during tbe 
first three cycles and examine the possibility of the condenser C having 
reached the value of potential fixed by Eq. (21). 

If the condenser is to have its potential changed by the required 
quantity of electricity is (^EfjXC). The current available for charging 
the condenser is very nearly (E‘^/4^ (fPJJdEJ^) and for three cycles this 
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makes available a quantity of electricity q={^TE^/^) d-Ig/clEy-. Nov/ 
if 1//^ is negligible compared to dly/dEg we get from P]q. (21) 

" 4 (/A’ - di,: ■ . ^ ’ 


So, as q = CAEgj we may put 


E- d-Jg dEg ?^TE^ d-Ig 
^ 4 dEg^ dlg~ 4 dEg^' ' ‘ 


from which we conclude that the largest condenser which can be used, and 
still be fully charged, is fixed by the relation C = 3T {dig/dEg,) 

If dIg/dEa = bXl^~^' (which is about the value obtained from Fig. 100, 
when Eog is — O.G volt) and T is 2X10 (which is the period of a 600-meter 
wave), the maximum value of capacity should be 30X10~^“ farad. But 
such a low value for C would result in a very small fraction of the signal 
voltage being impressed on the grid, so that a much larger condenser must 
be used and the value of dig/dEg must be made .larger. 

By using a lower value* for the l(*ak resistance, /?, the normal grid poten¬ 
tial Eog may be made higher, which will result in a higher v^^lue of dlg/dEg] 
in Fig. 100 when Eog = i)y dIg/dEg=\oXK) If the decrement of the sig¬ 
nal is low, we may allow more than three cycles for the condenser to charge 
without greatly decreasing AEgy because the amplitude of signal voltage 

will still be nearly its maxi- ____ 

mum value. ! 1 j \ ] 

From the foregoing dis- / 1 / l I I \ r\ r\ 

cussion it is evident that \ I \ \ I \ I \ , 

the predetermination of the \ / 1 I \ \ ^ 

best value for C is some- I I I i ^ 

what involved; moreover it U 

will be found experiment- l too.—In analyzin;'the effect of thcMleorement of 

ii I . 1 the sii;nal on the detecting action we assume the 

ally that C may be varied ,, , ,7 • r . • i 

lirst three cvcles of a wave tram have the same 

over a wide range without ,,nipiitude,the maximum value of the signal vmltage. 

appreciably changing the 

efficiency of the tube as a detector, probably due to compensation among 
the different effects just mentioned, A large C will not charge com¬ 
pletely, e.g., but it will permit a greater fraction of the input voltage to 
act on the grid than would a smaller one which would charge more com¬ 
pletely.' 

The action of the tube as detector with grid condenser is well shown 
in Fig. 110, a film taken by the author in 1914. In the upper part of the 

^ Analysis also shows that as the decrement of the signal increases the most suit* 
able value of grid condenser capacity decreases. 
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Fig. 110.—Oscillogram showing the action of the tube as detector when a condenser (with suitable grid leak) is used in series with the grid. 
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figure is shown the input voltage; the second curve shows the plate cur¬ 
rent, having pulsations of the same frequency as the signal voltage, but 
having also a large average decrease due to the grid condenser becoming 
charged; the telephones ” (in this case a coil of high inductance) were 
shunted by a large capacity so that the high-frequency fluctuations in 
plate current did not pass through them, but the low-frequency change in 
plate current did pass through them, giving a current of the form 
shown. 

By increasing the value of the leak resistance about three times the 
time required for the grid condenser to discharge was increased and so 
the plate current was held at its lowered value for a longer interval of 
time; the currents then had the forms shown in Fig. 111. 



Fig. 111. —By inrroasinj; tho value of the leak the form of the plate-current curve 
may l)e chaiif^ed; in thi.s film all conditions were the same as those of Fi*;. 110 except 
the value of th(‘ ^rid-leak resistance had been approximately trebled. 


It is to be noted tliat the mean potential of the grid can be no longer 
depressed when the fluctuations in grid potential due to the signal do 
not carry it to a potential more positive than the value it has when no 
signal is coming in. Unless its potential exceeds this potential it will not 
attract any excess electrons (i.e., more than it attracts when no signal is 
coming in) and hence cannot depress the average potential of the grid. 
In this respect many writers have shown the action of the three-electrode 
tube incorrectly; in Fig. 112 curve (a) shows the voltage impressed on the 
grid due to the signal and in (b) is shown correctly the resulting grid poten¬ 
tial, the average potential being shown by the dotted line. After the third 
cycle the signal voltage is not of sufficient magnitude to carry the grid 
potential higher than its no-signal value; after this time, therefore, the 
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average grid potential must rise due to the accumulated charge escaping 
through the leak resistance. 

In curve (c) is shown the grid potential as frequently given in texts; 
the average potential is shown as decreasing further even when, during 
the previous cycle, the grid potential did not rise as high as its no¬ 
signal value; this illustration is incorrect. 

The term '' accumulative amplification ’’ has been used in describing 
the action of a tube with grid condenser, but it is to be noticed that 

there is no true amplification; the grid 
potential is in no case depressed by 
an amount in excess of the amplitude 
of the signal e.m.f.^ as it is when regen¬ 
erative amplification is used. 

“ Equivale;ice Theorem ” of Detector 
Action. — From the analyses given in 
the foregoing pages it is evidemt that 
when a radio-frequency signal, of 
varying amplitude, is impressed on the 
input circuit of a triode arranged for 
detection by the action of a grid con¬ 
denser and associated leak resistance 
there is developed in the grid circuit, a 
voltage of the same frecjuency as that of 
the amplitude variations. In the fore¬ 
going analyses we did not stop at the 
grid voltage but carried thcan through 
to see what change in plate current was 
brought about by these modulation fre- 
(luency voltages produced in the grid 
circuit. 

In the last, few years there has been 
much discussion of the detector action 
of a triode in terms of an “ equivalence 
theorem (due to Carson), and although 
nothing new is shown by this type of analysis (over that already 
given) a r^‘sume of the method is given here for the sake of com¬ 
pleteness of the discussion of detector act ion. 

In Fig. 113 a, is shown the usual detector circuit; the radio signal, of 
varying amplitude, is set up in resonant circuit L Ci, and so impresses on 
the triode input circuit, through the C-R combinat ion, this varying ampli¬ 
tude voltage. This voltage, acting between grid and filament, as a result 
of the peculiar slope of the Ig~Eg curve, develops across the C-R combina- 


<-) 

Voltage impressed on grid 
Zero 

ih) 

Zero 

c) 

Fig. 112. —This diagram shows in 
(b) a correct representation of the 
grid potential when signal (a) is 
impressed and in (c) an incorrect 
representation. The average po¬ 
tential of the grid will not be 
further depressed unless during 
the previous cycle the grid forced 
to a potential higher than its “no 
signaT’ potential. In case the 
grid leak is connected to the posi¬ 
tive end of the filament the po¬ 
tential of the grid with no signal 
coming in is higher than the free 
grid potential, so that curve {b) 
might possibly start from a posi¬ 
tive value instead of the negative 
value as shown. 
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tion a certain amount of voltage of frequency equal to that of the ampli¬ 
tude variation, i.e., the modulation frequency. Now the impedance of 
L for this modulation frequency (practically always an audio frequency) is 
very low, so that, so far as the action of the audio frequency is concerned, 
the arrangement of Fig. 113 6 is the same as that of a. The equivalence 
theorem states: 

“ For small signal voltage the rectified grid current produced by the 
grid circuit rectification is exactly the same as would be produced by a 
suitable generator G acting between the grid and filament in scries with the 
grid-filament resistance of the tube. The amplitude of voltage of this 
hypothetical generator depends upon the grid bias, nature of signal, etc. 
The current which this generator would produce, if it were present, is the 
rectified current that the applied signal actually does produce in the actual 
circuit.’’ 

To care for the distortion which rectification generally produces, the 
theorem in its more general form provides for a series of generators, of 
harmonic frequencies, c Grid cathode ^ 

and adjustable phases. fe I I I I I V -^'a/| 1 -HH - 1 - \ 

To find what voltage § kwwJ \ n IvwwwJ I 

these equivalent gen- @g 

orators must have an g ___ ] 

analysis similar to that , ' 

(a) (b) 

already carried out must , , . , , 

, , IiG. lilt.—Ciroiiits illustnitirij< the equivalence theo- 

be made. 1 he voltage rem" of .letmor action, 

is generally given in 

terms of a tube constant, called the detector voltage constant^ and rep¬ 
resented by V. Letting represent the a.c. resistance of the input 
circuit, that is dEy/dlg, v is given by the relation 


Fig. lia.—Circuits illustnitirij< the “equivalence theo¬ 
rem” of iletector action. 


This, it will be noticed, is merely a symbol for part of the expressions 
already derived for detector action; expanding it we see that 


and this is found in both h]qs. (23) and (24). 
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From the analysis already given, and one to follow (see pp. 585-588), 
we can write with the magnitude of voltages of these equivalent generators 
for three typical signal voltages: 

(A) An unmodulated radio signal e = E sin cd 
Component of rectified voltage is 


El 

2v' 


(28) 


This component has zero frequency. 

(B) A modulated radio-frequency signal (signal of varying amplitude), 
e = E(l+m sin pt) sin oot. 

Component of rectified voltage (zero frequency) is 



Component of modulation frequency 

/rnE^ , X 

= I .(30) 

Component of double modulation frequency (distortion) 

. 


(C) Two superimposed radio voltages of different frequencies, 
e = Ei sin 27r/i/+£'2 sin 2wf2t. 

Component of rectified voltage (zero frequency) 


2u * 


(32) 


Component of rectified voltage of frequency (fi—fj) 
= (^)sin2T(/,-/2)<. 


(33) 


It will be noticed that the voltage of the hypothetical generators for all 
cases varies inversely as v, so we conclude that a good detector should have 
a low value of v. Formulas (32) and (33) are introduced without proof; 
but this is developed on pp. 585-588. The significance of Formula (31) 
is discussed in p. 707. 

Terman has done much work in the analysis of detector action from 
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this “ equivalence ” point of view and has measured the value of the 
detector voltage constant i; for all the ordinary detector tubes.^ 

It is evident that v depends directly upon the slope of the I,-Eg curve, 
and as the slope and curvature of this vary with grid bias, we should expect 



Fig. 114.—Cl rid current curves of modern 
tubes. 


Fig. 115. —Detector voltage constant 
and grid circuit resistance of a de¬ 
tector tube. 


V to vary with the grid bias. In Fig. 114 are shown grid current curves for 
four of the ordinary detector tubes. In Fig. 115 are shown the grid resistance 
curve and values of v for a 201 A tube; and in Fig. 116, the values of v 
for this tube plotted against Rgj instead of grid bias. In Fig. 117 the rela- 



Fig. 116.—Dependence of detector Fig. 117.—Detector voltage constant and its depend- 
voltage constant upon grid circuit ence upon grid circuit resistance, 

resistance. 


tions between grid resistance, grid bias, and the detector voltage constant, 
for a type 26 tube, are indicated. 

* See Terman, I.R.E., Oct., 1928, p. 1384; and Terman and Googin, I.R.E., Jan., 
1929, p. 149. 
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In the ordinary range of values for grid condenser leaks (which largely 
determines the nonnal grid bias) there is not a great deal of variation in the 
value of V even for many different types of tube; furthermore, for all tubes 
V shows a reasonably constant value for considerable changes in grid bias. 
Terman and Googin measured this value of v for many different tubes, with 
a special bridge arrangement; a few of their values are tabulated here. 
The values of v correspond to the flat part of the v-Ky curve. (See Figs. 
116-117.) The value of Rg given in the table is the value of this resistance 
which corresponds to that grid bias where the v curve starts to become flat. 
The significance of the column marked F is explained below under the topic 
of frequency distortion. 






H p 


Type 

r 

R'j 

M 

With 

Nolt.s 

F 

201. V . 

0 47 

150,()00 

8 

1 t,(M)0 

3,.500 

220. 

0 20 

150,0(X) 

S 

0,(HM) 

3,5(X) 

227 . 

0 23 

,50,(KK) 

S 

1().(HK) 

11 „5(X) 

240. 

0 47 

l,50,tX)0 

,30 

1.50,(XX) 

3,.500 

171A. 

0 28 i 

2(K),0(X) 

3 

2,.5<X) 

2,(XX) 


Harris* has given a rnetliod for determining the nece.ssary factors for 
evaluating the detector voltage constant of a tube, and in Fig. 118 are 
shown tj'pical curves obtained by his method; the values are these for a 
type 27 tube. 

Frequency Distortion.—Referring to Fig. 113 6, and Eqs. (28)-(33), 
it will be seen that a tulx? with a low v and low Rg will produce the largest 
rectified voltage across the C-R combination. Now evidently R must be 
large compared to R,jj otherwi.se most of the rectified voltage (suppo.sedly 
generated by alternator (i) will be used up internally in the Rg of tlie tube, 
and a relatively small part will appear across R; however, it is only the 
change in voltage across R that effects the plate current, and so makes 
available the rectified signal. 

Now C must be large enough to let the radio-frequency signal in the 
Lr-Ci circuit act on the grid without appreciable diminution; n'ferring to 
Fig. 113 a, it is apparent that if the impedance of the C R combination is 
high the radio-frequency voltage impressed on the grid will be smaller than 
that in Lr-Ci circuit. But the voltage of the hypothetical generator (r 
(Fig. 113 b) depends upon the voltage impressed upon the grid, hence to 
get good rectification the radio frequency drop through the C-R impedance 
must be small. The means that C must be large compared to Ccgt the grid- 


I.R.E., Aug., 1929, p. 1322. 
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cathode capacity of the tube. A reasonable proportion gives to C a capac¬ 
ity about ten times the capacity of 

Now if the generator G (Fig. 113 h) acts on the circuit C~R with differ¬ 
ent frequencies it will be evident that for a given voltage of G there will be 
increasingly smaller voltages acroas R with increasing frequency, because 
of the diminishing reactance of condenser C and the internal resistance Rg, 
At low frequencies (say 100 cycles per second), R being much larger than 
Rg and C only 100-300 /i/i/, practically all the voltage of G will appear 
across R and so be available for controlling plate current. But at 10,000 
cycles, for example, with /t^ = 5X10^» ohms, /4 = 2X10*^ ohms, (7 = 2X10"^^ 
farad, and lOX 10”‘“ farad, there will be across R only 37 per cent of 
the generator voltage. At 5000 cycles there will 1x3 about 62 per cent, and 
at 1000 cycles about 
97 {X'r cent. It is thus 
evident that grid-circuit 6 xio'* 30 xio® 24 o 

detection acts less 20 

efficiently, in produc- 6 25 200 

ing audio-fre([uency bo 

changes in plate cur- 4 20 i..60 

rent, at high audio ~ ‘•^ 1-^40 

freciuencies than at ^3 a is ^ 20 

lower on(‘s; this dis- 5 *3 | icw 

. . . . - . ^ ^ 

crimination in favor of 2 10 bo 

the lower ones is called go 

frequency distortion. 1 6 4 o 

The column headed 20 

F in the table on p. 562 000 

give the highest audio 

freiJUCncy >Nhich the 11 s.—(JriU current anU its grid-vultapje derivatives 

tube d(‘tects with 70 aa functions of grid hias. 

per cent th(‘ efficiency 

it luis for the low frequencies. I'he values have been calculated for the 
different tulK\s with the same capacity of grid condeUv^er, namely 300 
fjinf. It is (piite likely that different tulM?s would give better performance 
if each had its most suitable condenser. 

Nelson* gives curves showing the effect of this detector frequency dis¬ 
tortion on an actual radio receiver, and some of his results are reproduced 
in Figs. 119 and 119-A. In curve A of Fig. 119-vl is shown the audio-fre¬ 
quency response from the grid of the detector to the grid of the second 
audio stage; no detector frequency distortion was present, because the tube 
was not functioning as a detector, the audio frequency itself being impressed 
on the detector grid. In curves R and C the ivsponse includes that of the 

^I.R.E., March, 1929. 
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detector; instead of using an audio-frequency signal as was done for curve 
A, a modulated radio-frequency signal was used, thus adding to the audio 
amplifier defect that of the detector. Curve B was for a 0.5-megohm leak 
and curve C for a 2-megohm leak. Curves B and C have been arbitra¬ 
rily pro-rated to give the same response as A for the low frequencies. Of 
course, with a 0.5-megohm leak the detector actually rectified less effi¬ 
ciently than with the 2-megohm leak, as could be surmised from the 
curves of Fig. 119. 

Evidently the selection of a proper-sized grid condenser and grid leak 
is a compromise; too low a leak resistance moans low amplification and poor 
selectivity of the tuned radio-frequency circuit connected to the detector 
input, and too high a resistance means too much frequency distortion. 

Distortion Due to Non-linear Response of Detector. —The rectified 
current in the plate circuit does not vary directly with the ampli- 



Frequency 


Fia. 119.—Frequency distortion produced by 
detector, as a function of frequency and 
the resistance used as grid leak*, 



Krcuucncy 

Fig. 119A.—Frequency distortion in an 
actual rcjceiver. 


tude of the modulated r.f. voltage impre.s.sed in its grid, especially for 
weak signals; here it varies nearly as the square of the signal strength. 
(See Figs. 98 and 122.) According to some experimental results recently 
published,^ a good deal of distortion is caused by det(‘ctor action, even at 
very low input voltages. A resonance bridge was used to balance out 
from the output the detected voltage of the same frecpiency as the modu¬ 
lation frequency, and the apparatus measured the n'sidual voltage, prin¬ 
cipally the second harmonic of the modulation freciuency. That is, a 
radio signal, modulated at 800 cycles, gave in the detector output a recti¬ 
fied current of 1600 cycles as well as some higher multiples of 800 cycles. 
As this 1600-cycle frequency was not present in the original modulation 
frequency it must have come in by reason of the detector action. (See 
Eq. (31).) 

* Brown, Pickels, and Knipp in Radio Engineering, Jan., 1932, p. 21. 
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In Fig. 120 are .shown the output voltage, of fundamental frequency 
(800 cycles), of a 1000-kc., 50 per cent modulated, 0.15-volt signal acting 



1 2 3 4 5 

Grid l«ak in meKohms 


Fia. 120.—Harmonic distortion, 
due to non-Iincar detector action, 
as grid leak resistance is varied. 



Ordinary Medium stronn Very strong 

signal signal signal 


Fia. 121.—Peculiar response of a radio set having 
an over loaded detector. 


in a 201A triodo arranged for grid circuit detection. The grid condenser 


was 200 fjL/jif and the leak 
resistance was varied, with 
the results shown. As re¬ 
sistance increased, the out¬ 
put voltage (modulation fre¬ 
quency voltage in the plate 
circuit) increased, and the 
projKirtion of harmonics de- 
crea.sed. This discrimination 
against the harmonic fre¬ 
quencies, as leak resistance 
is incrciised, is to be expected 
from the analysis of fre¬ 
quency distortion, discussed 
above. 

Detector Overloading.— 

Another source of distortion 
produced by detector action 
is that due to overloading. 
This is especially likely to 
occur in sets using grid rectifi¬ 
cation without automat ic bias 
control. Some of the factors 



.1 .2 .3 .1 .6 .6 ,7 .8 .9 1.0 

Signal volts (effective) 

Fiq. 122.—Comparison of rectifjing eflSciency of 
crystal and triotle, with and without grid con¬ 
denser. 


involved in overloading are discu.ssod by Harris,' who gives a curve sheet 


»I.R.E., Oct., 1929, p. 1834. 
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(reproduced in Fig. 121) showing the loud-speaker response, as tuning 
is varied through the resonant frequency, for ordinary signals and 
two others too strong for the detector. Not only is the quality poor, 
when the detector is overloaded, but the response has the peculiar 
form showing in curves B and C of Fig. 121. For ordinary signals 
the grid draws inappreciable current, but for the stronger signals it be¬ 
comes large and it is the action of this current that causes the peculiar 
response. 

Comparison of Crystal and Triode as Detectors. —In Fig. 122 are shown 
the comparative rectifying properties of a good crystal and a triode, usc'd 
with and without a grid condenser. It may easily be seen that for all 
three curves the rectified current varies nearly as the square of the im¬ 
pressed voltage, as the analyses predict should be the case for low-voltagi^ 
signals. 

The triode is somewhat more efficient than the crystal, used in either of 
the two possible ways, but it is evidently much better wlaui used with a 
grid condenser. 

Effect of Plate Circuit Impedance on Rectification. —In general, wo may 
say that any rectifying device, having an impedance in series with it, 
will show comparatively poor rectification unless this impedance is by¬ 
passed by a low reactance conden.ser. The idea is illustrat(‘d in Fig. 123, 
where a high-freciuency generator impress(*s a sine wave of voltage on 
the circuit made up of imjx'dance Z and rectifier R in series. In curv(» a 
of Fig. 123 there is shown the shape of rectified current when the alter¬ 
nating voltage is impressed directly across the rectifier, and in curve b 
is shown the form of rectified current and voltage across the rectifier 
when the circuit is as shown. During the positive alternation, wlaai 
current flows through the rectifier, there is a drop through the impedance, 
resulting in a pi'culiar voltage fonn across the rectifier; the tops of the 
positive alternations of voltage have Ix^en cut off. (In curve h the dashed 
curve voltage is the normal sine wave.) But these flat-topped voltage 
alternations draw through the rectifier a comparatively small current, 
as indicated, with the result that the value of the rectified current is 
very much lass than it should be. It will ho noticed in Fig. 97, p. 544, 
that the radio-frequency fluctuations in plate current do not have to trav¬ 
erse either the resistance R or the transformer primary winding. In 
Fig. 124 are shown two curves, giving the rectifying action of a type 27 
triode. In curve A the external impedance in the plate circuit was by¬ 
passed with a suitable condenser, and in curve B it was not so shuni(Ml. 
The great improvement in rectifying action obtained by properly shunting 
the impedance is evident. 

Measurement of Detecting Efficiency of a Three-electrode Tube.— 

It is possible to determine experimentally the detection coefficient of a 
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tube by such a scheme as that originated by Van der Bijl; ^ in his treat¬ 
ment it is shown that the strength of signal given by the telephone varies 
as the fourth power of the voltage impressed on the grid. This follows 
at once also from Eq. (17) p. 543 in which it is shown that the incre¬ 
ment of plate current varies with the square of the voltage impressed 
on the grid; as the amount of noise given off from the telephone varies 
with the square of the current through it, it is evident that the noise 
varies with the fourth power of the grid voltage. 

Using a receivcT which required 3X10~^- watt input to produce the 
“ least audible signal,” Van der Bijl found that the ordinary detector 


tube (without a condenser in 
series with the grid, depend¬ 
ing only on shape of i)lat(' 
current curve for rectifica¬ 
tion) re(juired a signal volt¬ 
age of 0.025. Unless some 
v('rv radical change* is 
made* in either te'lepheine 




12 J 466789 10 

R. F. signal on errid, in volts 


Fkj. 12.3. —Tli(* of a K'cti- Fir,. 121.—A condenser across the primary of the 

her dcjH'iid.s u|)on the plate eireuit transformer greatly increases the 

irnpetlanee in stait'.s witli it. rectifying elliciency of the triode. 


re'ceive'r e)r eletecling tube, it may be assumed that, for a readable signal, 
it is necessary te) impress on the grid of a detector a voltage (high frequency) 
of betw('(*n 0.01 ;uid 0.05 volt. 

The Three-electrode Tube as a Source of Alternating Current. Gen¬ 
eral Field of Application. —A three-electrode tube, if supplied with the 
proper c.e. powt'r jind if ooniKHded to a circuit having a natural period of 

‘ 11. .1. Van der Bijl, “On the I>tecting EflRcicncy of the Thermionic Detector,” 
Proc. I.R.E., I>*c., 19B). Se<? also “Detecting Characteristics of Electron Tubes,” 
by Freeman, Proc. ^.R.E., Vol. 13, No. 5, Oct., 1925. 
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oscillation, will, under certain conditions, generate a.c. power of the fre¬ 
quency fixed by the L and C of the circuit to which it is connected. The 
action is nearly analogous to that of a violin bow; although the force 
and velocity of the bow are essentially constant the peculiar friction 
between the bow and string enables the string to absorb more power from 
the bow w^hen string and bow are moving in the same direction than is 
given back to the bow by the string when the motions of bow and string 
are in opposite direction. If the frictional force between string and bow 
is plotted as a function of the relative velocity of the two, the graph 
will have the form given in Fig. 125; curve (a) is for the bow without 

resin and curve (6) shows the change 
in this friction after resin has been 
put on the bow. 

The muscles of the arm actuating 
the bow constitute a source of con¬ 
tinuous power; it is obviously impos¬ 
sible for an arm muscle to supply (di¬ 
rectly) power to a string vibrating 1000 
times a second. The arm supplies en¬ 
ergy to the bow at an essentially con- 
.stant rate, the reactions between the 
lx)W and st ring serve to ut ilize this power 
to maintain the string in a state of rapid 
vibration. 

The system which drives the 
balance whe(‘l of a watch is also some¬ 
what analogous; the mainspring fur¬ 
nishes power by a continuous force, but 
the escapement system serves to feed 
energy into the moving balance w'heel 
in such a way as to maintain it in 
a state of oscillation, tlie period l)eing 
fixed by the ma.ss of the wheel and stiffness of the hairspring. 

It is to be noted that neither the balance; whee*! nor violin string will 
vibrate if the damping of the oscillating member is too high; if too much 
friction occurs in the bearings of the balance wheel the watch will stop. 
The same effect exists in the oscillating-tulx; circuits to lx; descrilK;d later. 

The efficiency of the three-electrode tube as a generator of a.c. 
power is normally rather low; in small tulx;s such as used for aeroplane 
telephony the circuits are generally arranged to give an efficiency * of 

* In speaking of the effiricnry of an electron tube the “input" does not ordinarily 
include the power necestwiry for berating the filament; it ie the power supplied in the 
plate circuit only. 



Fig. 125.—Frictional force between 
a violin string and i)Ow, ;i.s a func¬ 
tion of their relative velocitie.s; the 
greater the difference in th^*ir ve¬ 
locities the Ie.ss the frictional 
force l)etween them. Putting resin 
on the bow changes curve a to 
curve b. 
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about 25 per cent, and in the larger tubes to get an output of 150 
watts requires an input of about 300 watts. In a later section of 
this chapter the efficiency of a tube is discussed and analyzed in de¬ 
tail. In spite of its rather low efficiency it will probably be always 
used when a small amount of power is desired at a frequency of 10 
kilocycles or more, because there is no other simple method of gen¬ 
erating power at these frequencies. Above about 100 kilocycles the 
vacuum tube has no competitor as a generator, and for small amounts 
of power, the frequency of which is preferably variable, the vacuum 
tube is probably l3Ctter than any other device, no matter what this fre¬ 
quency may be. 

There are two general fields in wdiich the oscillating vacuum tube 
is used in radio, its a source of high-fre(iuency power for a continuous- 
wave transmitting station, and as a necessary part of any station receiving 
continuous-wave signals, by means of the hetcTodyne or “ beat ’’ method. 
When used as part of a continuous-wave receiving set the oscillating 
tube is required to generate but a very small fraction of a watt and the 
smallest tyjx' of d(*tecting tube will suffice. 

For geiKual laboratory use the small oscillating vacuum tube is of 
great service, as a source of a f(‘w watts of a.c. power for bridge measure¬ 
ments of fr(‘(|uency adjustable to any degree desired, or as a source of 
complex a.c. forms, from which exact octaves are obtainable; in com¬ 
bination with a suitable sound generator, such as piezo electric crystal or 
untuned teleplione receiver, it is invaluable in a laboratory for measure¬ 
ments on sound. 

Elementary Analysis of the Operation of a Three-electrode Tube 
as Generator of Alternating-current Power. —Tlu* threi^-electrode tube 
may be used as a self-exciting device or tlu* power reejuired to excite its 
grid circuit may come from some other source. This latter scheme is often 
used when it is desinul to g<'t maximum po.^sible power from several 
tubes, operating in parallel. Tlieir input circuits (grid-filament) are all 
connected in parallel and excited from some other, self-exciting, vacuum- 
tube circuit, the power capacity of which may be small compared to that 
of the tubes excited. 

The operation of the separately excited tube is extremely simple; if 
an alternating voltage is applied on the input circuit, the plate current, 
which is fixed by Kq. (7), must rise and fall as this grid potential alternately 
increases and decreases. The simplest circuit to be considered for using 
the a.c. power generated in the plate circuit is that shown in Fig. 126; a 
choke coil />, having a negligible resistance, is put in series with the machine 
M, furnishing the plate circuit voltage, the value of L being large enough 
so that its reactance is large compared to the a.c. resistance Rj, of the 
plate-filament circuit. Shunting this choke coil is the output circuit or 
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load circuit of the tube; it consists of a condenser C, having a reactance, 
the magnitude of which is small compared to Rpj in series with a resistance 
R of about the same value as Rp. A condenser Ci shunts the machine 
M to make the reactance of this part of the circuit negligible com¬ 
pared to R. The condenser C is generally necessary to keep the con¬ 
tinuous ^component of the plate-current from flowing through the load 
circuit ammeter; the ammeter used in the load circuit should measure 
only the alternating current supplied to the load. 

With the conditions named (large L, C, and C'l), the external im¬ 
pedance of the plate circuit will consist essentially of R only. As the 
voltage of the grid goes alternately positive and negative the plate current 

will fluctuate about its 
normal value, lop, and the 
plat(' voltage' will also fluet u- 
ate about its norni.al value, 
Eop- rhe actual plate eur- 
H'lit may 1 h‘ considen'd as 
made up of the constant 
value lop which flows 
through Ly and does not 
appre'ciably vary as is 
varied, and an alternating 
com[)e>nent Ipy which flows 
in the plate circuit by the' 
path R, C'l. d'he' plate* 
Fig. 126.— Circuit diaj^ram of a tube to be u.s<'<l for ve)ltage* simil irlv will be* 

generating a.c. i>ower; the outijut eircuif indi- • i i " i r 

^ . I I V I , I , I , ce)nsidere*d as made up of a 

cated in dotted lines is shunte<l around the choke ^ * 

* constant term E„p on which 

is supe‘rimpose*d the alte'r- 
nating voltage Ep] at any instant the actual plate* voltage* will be eepial 
to Eb-ipRf where ip is the instantane'ous value of Ip. As the* magnituele 
of Eg is increased the maximum value eif Ip increases until it is jiractically 
equal to Under this condition, the actual curre'iit threiugh the* plate* 
will fluctuate b<*tween 21 op anel zero and the value of plate voltage* will 
fluctuate between 2Eb and zero if R is chose*n eif prope*r value*. (Actu¬ 
ally this amount of current and voltage fluctuation is neit reache*d; the* 
values named are limiting values.) The characteristic curve's are slmwn 
in Fig. 127. 

If the excitation is still further increased and the circuit Ly C, Ry is 
properly adjusted, the forms of Ep and Ip may Ixi made to eliffe*r very 
materially from the sinusoidal forms here shown. It is, however, elif- 
ficult to write the theory of the various circuits for any but sinusoidal 
functional and we ahaU assume that Ip and Ep are such, unless specific 
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mention is made to the contrary. We shall call the oscillations normal 
when Ip is sinusoidal or approximately so, that is for (/p)raax = or </op. 

Output, Eflaciency and Internal Losses, for Normal Oscillation — 
The effect of the load resistance li on the output of a tube could be pre¬ 
dicted by noticing? that the alternating current Ip really flows through 
R and the tube resistance, in series; as R is decreased Ip increases, 
just as the load current from any alternator increases when the resistance 
of its load circuit is decreased. The voltage Eg impressed on the grid 





Fio. 127. Thcorrtir.il nirvrs of voltaKc.s and curronUs in a tube; actually the platc^ 
voltaic (iocs not ^o (hroiu;h such wide variations. 


circuit generates in the plate circuit an alternating current through Rp 
and R in seri(‘s. 

If sufficient excitation is supplied to the grid circuit to force the actual 
f)lat(‘ current to vary between zero and 2/,,^, the maximum value of the 
alternating current, though R and Rp (in series) is lop. The a.c. 
power delivered to the external circuit is 



being the maximum value of the voltage impressed on the grid. 
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If now R = Rp, we have 


(flEmpy- 

SR ‘ 


. . (35) 


The generated voltage, fxEgy is used up in overcoming the two drops 
IpRp and IpRy so we have 

7 mpE p “f“ 7 W. iR — t^Emo 

and if 

2ImpR = ^iEmo. 


But the maximum possible value of the drop across R is Eop\ we therefore 
have = 2AV Hence from Kq. (21), we got 


P _ _ ^^"P / r />\ _ '*P T /> _ Enpl o p 

SR “ “ 2ir ^~ 2li 2 ' 


(36) 


But on the assumption that the resistance of the choke coils is negligible, 
the input to the plate circuit is Eopl^p, th(‘ value of which wo assume, 
is independent of the magnitude of the external resistance R. It there¬ 
fore follows that a separately excited tube haring sinusoidal variations in 
the plate current has a maximum efficiency of oO per centy and that this occurs 
for the same condition as gives maximum outputy i.e.y H = Rp. 

This theoreticiil limit of efficiency is never reached, l)ecause the plate 
current cannot be made to execute harmonic changes and still \yo forced 
to zero value. The reason for this is the variation in ^ when the plate 
voltage becomes very sm^ll and the grid voltage large (in positive value); 
neither does /x hold constant when the plate voltage* is v(‘ry high and with 
a high negative potential on the grid. 

Of course the efficiency factor of 50 \wt cent neglects the losses in the 
grid, or exciting circuit, which really should be charged up to the tulx', 
and also the pow’er recpiired to heat the filament. These two factors 
very materially reduce the pf)ssible efficiency of the tulK^ as a generator. 

As mentioned above, this limiting figure of 50 per cent for efficiency 
holds only for sinusoidal plate current; it is possible to so op<‘rate the tulx* 
that the plate current is much distorted and at the same time the effi¬ 
ciency is increased to perhaps 85 per cent or more. I'his case will be taken 
up later in this chapter. 

A large power tube was connected as indicated in Fig. 126 and the 
effect of variation in R was noted. The grid excitation Eg was kept 
sufficiently low so that the tube was not being worked near its limiting 
output for any value of R used. 
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The results are given in Fig. 128, and serve well to show how the power 
output varies with the resistance of the load circuit; the magnitude of 
the alternating current generated by the tube is also shown on the curve 
sheet. It is apparent that this tube should be used with a load circuit 
resistance close to 1000 ohms if maximum power is to be obtained. 

The effect of continued operation on the characteristics of the tube 
is shown by the dotted curve; it shows the output (for exactly the same 
conditions as were used for the solid curve) after the tube had been oper¬ 
ating for twenty minutes. The temperature of the filament depends not 
only on the filament current, but also on the temperature of the plates; 
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of load circuit 

Fuj. riS. Variation in output of i)o\ver tube as the resistance in the load circuit is 
varif'd, ^rid cxcil.ation rcinainin^^ constant; circuit connected ;is showai in Fig. 120, 
with (UK) volt.s used in the plate circuit. 

the hotter the plates the higher will be the filament temperature for a 
given filament current, and of course the more will be the emis.sion of 
electrons. 

For the lower values of li (less than 500 ohms) it will be noticed that 
the alternating current exceeds0.707 of the current supplied bythe machine 
in the plate circuit; with sinusoidal current in the load circuit this condi¬ 
tion could not occur, it must therefore Ix' that the current in the load 
circuit was distorted in form when tlie lower values of load circuit resis¬ 
tance were used. 

The curves do not show faithfully the characteristics of the tube as 
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a generator for the higher values of the load circuit resistance because 
the choke coil used in the plate current circuit had an impedance of only 
8000 ohms, so that the supply current was far from constant for the liigher 
values of R, This supply circuit acted as a partial short-circuit for the 
load circuit, more so as R increased in value. 

Heating of the Plates of a Tube. —The safe limit of operation of a 
power tube is fixed by the allowable heating of the plates; with no oscil¬ 
lations taking place (no excitation of input circuit) the total power deliv('red 
by the plate circuit battery or generator must be used in heating the 
plate, the resistance of the choke coil L (Fig. 126) being negligible. When 
the tube is oscillating to the extent indicated by the curves of Fig. 127, 
one-half the input is ilelivered to the output circuit /f, hence only 

one-half of EJcyp is used in heating the plates^ ivhereas if the excitation is 
removed the heating of the plates is given by EiE,,,. If, tli(‘refore, a tube is 
rated as 250 watts on the plate, the product EiJ.>,, must not excc'cd 250 
when the tube is not oscillating, but if the tube is generating a.c. power, 
and conditions are adjusted for maximum output (sinusoidal variations 
of Ip assumed) the input, EJ^py may be safely increased to practically 
double the rating, or 500 watts. 

Another way of obtaining the amount of power used on the plate is 
to write the expression for E'pl'p from Fig. 126 (where E'p and I'p an' 
the voltage between plate and filament, and current through tub(‘, rc'sjx'c- 
tively) and find its average value. It is 

I 

Power expended on plates = / E'pVpdt. Now asand /,, are 180^ 


out of phase* (high plate voltage occurring at the* same instant as low |)late 
current occurs for resistive load), wv have for the* powca* ustal on the plates 
(where E',, and I'p are fluctuating as much as shown in Fig. 127, 

1 

Power =— / (Eb+Eb^\n sin {pt + w))dipt) 

1 

= EbLp-- I {EJ„p sin- pt)d(pt) 

1 J{) 


If the circuit is not adjusted to give maximum output th(* proportion of 
the input power which is used in heating the i)lat(*s is increased, so the 
input power must be reduced if safe rating of th(* plates is not to be exc(*ed(*d. 
The input can in general be cut down by decr(\‘ising either the filanv'iit 
current or plate voltage, or by introducing a suitable battery or other 
device into the grid circuit so as to lower its nonnal potential. 
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As a black surface radiates much more effectively than does a polished 
one it is customary to give the plates of the large air-cooled tubes a dull 
black finish, d'his very much increases their power capacity. 

Phase Relations of Voltages and Current in a Vacuum-tube Gener¬ 
ator. —We have pn'viously mentioned the fact that there is no appreci¬ 
able lag or k‘ad of the electron current in a vacuum tube with regard 
to the (‘lectric field causing the current to flow; this is true for the highest 
fre(iu(mci(*s ever generated by vacuum-tube circuits. As the electric field 
is produe(‘d by both the plate and grid acting together we have the funda¬ 
mental fact expn'ssed by Kq. (7), which holds for the instantaneous 
value of the current as well as for the steady state. If then designates 
the instantaneous value of the alternating component of the plate voltage, 
Cy, the saiiK' for th(‘ grid voltage and fp is the instantaneous value of the 
alt(‘rnating coinpoiuait of the plate current (grid current to be neglected 
in this (liscussionj, we have, 

ip = A{cp+tic^) .(38) 

This ecpiation holds true only if the value of (cp+jufy) is sufficiently 
low to |)rodue(‘ clianges in plate current directly proportional to the 
voltage* + this means that the fluctuation in plate current must be 
so small tliat the portion of the Ip-K^ curve coming into play, is essentially 
a straight line*. Under this condition it is evident that the constant, A, is 
the n'ciproeal of the a.e. j)lat(‘ circuit resistance, which we have previously 
called h'p. 3'he value of this Rp will depend upon the constant values 
of plate and grid potc'iitials, A\.p and Eoay increasing with a decrease of 
eith(*r of tlu'in. 

Tlu* vi('wpoint from which the action of the triode may be most easily 
graspc'd treats it as an ordinary alternator. The steady quantities, /^^p, 
Eojn etc., ilo not ('liter into consideration at all except as they fix the 
plate* circuit re>istanc(', etc. The plate current then is an alternating cur¬ 
rent (actually of courst* it is a fluctuating one, never reversing) and the 
voltag(*s w(' considc'r are alternating voltages. 

The voltage which produces the alternating plate current is impressed 
on the grid; this grid voltage produces changes in the plate current just 
as though the voltage had been introduced directly in the plate circuit. 
But the grid voltage is much more ('fft'ctive in controlling the plate current 
than would be the same voltage introduced directly into the plate circuit, 
and is gn'ater by the factor /i. 

We th(*n consider a triode, having a voltage eg impressed on the grid, 
as a diode having a voltage, impressed in the plate circuit. We then 
forget the grid (wists, except when it is necessary to consider the amount of 
current taken by tlie grid, this sometimes having an important effect on 
the operation of the tube. 
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This viewpoint is illustrated in the two diagrams of Fig. 129. In 
(a) is shown the actual circuit, with the B battery forcing the plate current 
to flow. This current is made to increase and decrease by the action of 
the grid voltage Cq, The equivalent circuit is shown in (6) and this is the 
one we use in deriving the relations of current and voltages of the triode. 
We suppose there is an a.c. generator between the filament and plate gen¬ 
erating a voltage ^eg and that the internal resistance of this generator is 
i?p. This Rp depends for its value on the steady voltages used in the 
grid and plate circuits. 

Actually in a triode the value of Rp varies with the magnitude of the 
plate current (alternating) not only increasing when too much current is 
drawn from the tube, but actually varying during the cycle. This is just 
the same action as occurs in an alternator having its magnetic circuit of 
iron with a very small air gap. The internal irrqx'dance of such an alter¬ 
nator not only varies with increase in load current but it too varies during 




FiO- 129.—The threo-eleetnxle tul)e is most easily analvze<l as a generator of a.c. power 
by supposing the ^^rid absent, but a voltage acting in th(‘ plate circuit ecjual to /iCy. 


the cycle. The effect of tariation in Rp will Ix' briefly mentioiK'd later on. 

Now' referring to Fig, 129 (6), we see 

n€g^ip(Rp+R) .(39) 

This is exactly the same relation we have for an ordinary generator 
when we say the generated voltage is equal to the sum of the internal 
resistance drop and the external drop. The external drop is evidently 
the voltage impressed on the load, i.e., the terminal voltage of the 
generator. 

If we construct the ordinary reaction diagram for the triode (using 
Fig. 129 (6)), we get results as shown in Figs. 130-132. In each case the 
current is taken for the reference vector. The resistance reaction due to 
the internal resistance of the tube is of course shown just opposite in 
phase to the current vector 01. When the load is resistive only its reac¬ 
tion acts in phase with that of the tube. The generated voltage must be 
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just equal and opposite to the sum of the reactions (for any kind of an 
electrical circuit) and so for Fig. 130 it falls in the same phase as the 
current. 


Resistance 
reaction of 
tube 


By reference to Fig. 129 (a) we see that the voltage between the fila¬ 
ment and plate of the tube must be equal to the voltage of the B battery 
minus the drop in the load cir- 
cuit. But the “ drop ” in the 

load circuit is just equal and load ^ tube^ _j_ 

opposite to the reaction in the 0"--^^ 

load circuit so that the voltage 

E„ for any case is equal to the Generate voUajre. equal to sum 

B battery voltage plus the load ,, ,on x- ^ w r .u ^ ^ 

rAi r 1 ^ 130.--\ector relations of the triode 

circuit reaction. Thu.s for the working into a resistive load. 

inductive load of Fig. 131 the 

plate voltage Ej, should have a phase lagging behind the current by 


Generated voltage, equal to sum 
of reactions, and opposite in phase 

Fig. 130.—Vector relations of the triode 
working into a resistive load. 

phase lagging behind the current by 


180 — And for the condensive load the plate voltage, Epj should 
lead the pha.se of the current by 180^—<^. 

In the oscillograms of Fig.*^. 133-135 these relations are well brought 
out. In the.se three films the plate current is shown below its zero line so 
that maximum positive value of I occurs when the plate current line has 
the value hwest on the film. 



Fig. 131. Vector rokilion.s (if (lu' triode I'lo. 132. - Vector relations of the tri(xie 

working into an inductive load. working into a condensive load. 


For Fig. 133 then the generated voltage, r^, and current (ip minus the 
steady value are evidently in phase. I'he voltage e,, should be equal 
to the B battery voltage plus the load resistance reaction (which is opix)site 
in phast^ to /) and so should have its minimum value when the current 
has it.s maximum value and this is well shown on the film. The phases 
cannot l>e mea.sured with any great accuracy because the curves of tp 
and €p are not pure sine waves even though a sine wave was used for the 
exciting voltage, Cg, 
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For inductive load (Fig. 131) we concluded that the plate voltage Cp 
should have its phase lagging 180°-.^ behind the current. On the film 
of Fig. 134 this is seen to be so, as nearly as the distorted waves permit 
the phase to be determined. A similar conclusion is reached by inspection 
of Fig. 135. 

It will be noted by comparing Figs. 134 and 135 that the conclusions 
reached in Chapter I regarding the action of coils and condensers is well 
shown in the action of these tube circuits. In the inductive circuit of 



riG. 1^3. Gsriliu^'icirii < i urirl pil-ito voltago, and pl\to nirrent, corrospund^ 

to conditions of Fig. 130 . 


Fig. 134 the di-stortions, which the inicnial n'actions of the tul>e hrii'g 
about, occur in the voltage, the current Ixdng n(‘arly a siia* wav, . 

For the condensive load (Fig. 135) the oppo.site is true; th(‘ voltage*, r,,, 
appears as a pretty fair sine w'ave and the distortions occur in the current, 
Quantitatively we have the following simph* relations. If the' fn*- 
quency of the grid voltage is / and magnitude Egy the* tube resistance 
and load impedance R+j2vfLj or R— l/j27r/C as the case may l)c 

ulE 

Resistive load / = -—^.(40) 

R *4” Rp 
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Inductive load I = — .(41) 

V{li,+RY+{2ir}Ly^ 

Capacitive load / = —^ - ——--- .(42) 

V(/e.+/0^'+(^) 

Effect of Phase Relations on the Possible Power Output of a Tube 
Generator. —From the foregoing analysis it is evident that a tube gener¬ 
ator can act on its output circuit with a voltage Ep, the maximum value 



Fi(i. 134. ()srilloM;r;»rn of pl:ite voltajijo, grid voltage, and plate current, corresponding 

to conditions of Fig. 131. 


of which is soiiHnvhat less than the normal plate voltage ' Eop] also that it 
can supply to tlic output circuit an alternating current the maximum 
valiK' of which is sonicwliat less than the normal plate current hp- If 
I and E represent the effective values of voltage and current which the 
tulx' furnishes to its output circuit, it is evident that the maximum power 
output will occur when the load circuit is such as to bring I and E in phase 
and this power is equal (in case of maximum output) to \Eoplop- 

* For resistive load this normal plate voltage is approximately one-half the voltage 
of the machine used in the plate circuit. 
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Now if the load circuit is such that E and I are in phase, it is evident 
that its impedance must be resistance only, furthermore the value of this 
resistance must be equal to £//, which is also the a.c. resistance of the 
plate circuit of the tube. The truth of this statement was shown in Fig. 
128. 

For such a circuit as that given in Fig. 126, the magnitude of current 
Ip must be directly proportional to as indicated by Eq. (40). Due 
to the non-sinusoidal currents and voltages, however, this relation does 
not hold good, except for low values of grid excitation; the alternating 



Fio. 135.~D«cillogram of plfito voltage, grid voltajco, and plate current correapondinj^ 

to conditions of Fiji;. 132. 


current does not change as rapidly as indicatefl by Eq. (40). In Fig. 
136 are shown curves of load circuit power iind current as functions of 
Eg, the resistance of the load circuit having U^en adjusted ecjual to the 
tube resistance at low' excitation. The pf)wer output increases with the 
square of the grid voltage for very low grid voltages only and for the higher 
values of excitation the output is increasing at a rate lower even than the 
first power of the grid voltage. 

There is shown also in Fig. 136 the value of the current taken by the 
grid; as long as the grid was not forced positive with respect to the filament 
the reading of the c.c. ammeter in the grid circuit was zero, but when 
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the value of alternating voltage impressed on the grid exceeded l/\/2 of 
the normal negative grid potential Eog, the grid was positive for a small 
portion of the cycle and so took current. The variation of the reading 
of the grid ammeter is shown by the curve marked it was zero until 
Eg reached a value of 80 volts (effective) which is approximately equal 
to 70 per cent of the voltage, Eogy and for higher voltages rose to a value 
of several milliarnperes. This is the average value of the grid current, 
because a c.c. ammeter reads average values; the grid current flows for 
only a small fraction of the cycle, so that the actual maximum value of 
Ig is probably ten times as large as the value given on the curve sheet. 



Fi«. ISU, Variation of output current and power as the exciting voltage on the grid is 
incrrawMl; tlie cinaiit wan arrangeii as shown in Fig. 120. Variations of /^ and the 
average grid current are also shown. 


An accurate analysis of those voltages and currents will be given in a later 
section of this chapter. 

General Analysis of the Conditions Necessary for Self-excitation.— 

From the analysis given so far it is evident that if a vacuum tube is going 
to oix'rate efliciently as a generator of a.c. power, it is necessary" to have 
in the plate circuit a load having a resistance equal to that of the tube; 
it is also necessary to have such reactions occurring in the circuit to which 
the tube is connected that when the plate current undergoes sinusoidal 
variations the plate potential and grid potential both undergo sinusoidal 
variations of potential in opposite phases, and that the relative magnitudes 
of these two potential variations be properly adjusted for the tube being 
used. The fundamental requirements of the problem can be readily spe- 
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cified. In Fig. 137 are shown the filament, plate, and grid terminals 1, 
2, and 3; the filament battery and plate circuit battery (or machine) are 
omitted, as they do not enter directly into the determination of the condi¬ 
tions for self-excitation of the tube. 

If the normal plate voltage and plate current are Eop and lop respc'c- 
tively, we know that the tube can, when operating properly, generate an 
amount of power somewhat less than lE^,pIop] let us call this available 
power P. If this power is supplied to a circuit of L, C and Ry in series, it will 
produce a current fixed in magnitude by the relation P — P-R. This 
current, /, will produce an alternating voltage between the terminals of 
L, the effective value of which is equal to /coL, where o) is nearly ecpial 



i/VXc. 

When generating the amount of power P the potential of point 2 

must be fluctuating in voltjig(' (with 
respect to the filanuait) by an amount 
approximately ecpial to Eop> The poten¬ 
tial of point 3 must be lluctuating, with 
respect to the filament, by an amount 
Efnvy such that is about ecjiial to 

2Eopy as shown in Fig. 131). 

It is then evident (ref(‘rring to Fig. 137), 
^ that if we connect th(‘ hlauKuit to point 4 of 

the coil, we must connect points 2 and 3 to 
points in th(‘ coil (on opposite siites i.f pnint 
4, such as 5 and 0) such that thi‘ maximum 
value of voltage lK‘tw(‘en 4 5 is e(|ual to 
Eop and \hv maximum voltage betw(*en 
pziints IT) is equal to (2/g)A’„p. 

If the resistance drop in the coil is 
negligible compared to th(‘ reactance 
drop, we must have (neglecting the (‘ffect 
of mutual induction l>etween and 



Fio. 137.—Diagram to show the 
condition.^ roquire<l for 
tation; an oscillatory circuit, of 
suitably low ro.si.staricc, rnu.st be 
cormecteii to pl:itc, filamcot, and 
grid about a.s indicate<i. (Fila¬ 
ment and plate circuit batteries 
not .shown.) 






V2IwLx^,-,= E.„ 


(H) 


The current flowing through the coil L lietweon points 4 and 5 is really 
the combination of the actual pulsating plat(‘ curnmt and the current / 
which i.s flowing in the oscillatory circuit. If / is large' companal to tlu' 
alternating component of the plate current /p, the error mad(* in jissuming 
the drop between points 4 and 5 jus due to I only is small. In a typical 
radio circuit I was 0.50 ampere and the effective value of Ip (alternating 
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component of plate current) was only 0.03 ampere. It will be noticed, 
however, that if the resistance of the oscillating^ circuit is large I decreases 
in value so that the assumption is no longer justified. 

If we now use the approximate ndation 


we get from K(\. (43) 


or 


P = an.l P = rR, 

Tn€. , - 

t -,y, 


on the assumption that = 

If w(‘ now mak(‘ th(‘ assumption that o;=l \/L(’ (which would be 
nearly tni(‘ if tli(‘ input and output circuits of th(‘ tube' had negligible 
capaeiti('sj w(‘ find 

A, :,= \ .(45) 

And for tlu' propcT grid (‘xeitation, w(‘ should hav(' 





'iiurjA\ 


(46) 


As an illustration of how thc'se apj)roximat(‘ relations are applied to 
an actual circuit, W(‘ supi)ose a s(‘t di'sigiual to g(‘iierate a frequency of 
600,(HH) cycl(‘s |X‘r s(‘eond (500-nu‘t(‘r wav(‘), lh(‘ capacity C Inung 0.0004 
g/. Th(‘ total n'sistanee of tlu' oscillating circuit is 10 ohms, the g of the 
tulKi tt) be used is 4 and Hy is 3000 ohms. Using the relation 


x = issr)v/y.(’, 


/.c=o.()7or), 


we find 
and therefore 

L ~ 176g//. 

’ In casi* Ry is greater than spccirusl by this relation, the equation for must be 
corres|M>n(lin>i:ly ('hanj^^ed; thus if Ry Roy then \v(‘ must have 


.s ^ RRy. 


As previotisly mentioned Ry varies with the amount of excitation on the grid; a 
curve showing tlie variation in Ry is given in Fig. 151, p. (>04. 
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Then we find, L 4_5 = 65m/i and for L 4 -C, we find 32nh, If the tube can 
supply 4 watts of power, the current in this oscillating circuit would be 

iT 

— amix^re. 


If /?p = 3000, we have Eop/Iop = G000, and also wv have EopIop=^^. From 
these two equations, we find that Aop = 22 () and /,p = 0.037. From the 
above values, we have 

o:U-d = (27r6X lO'O X (65 X10 - ‘*0 X 0.632 = 153, 

this being the effective value of the voltage impressed on the plate. But 
this is equal to A’op-^-A/ 2 , as we have already assumed necessary for gen¬ 
erating a power equal to Koplop/ 2 . 

This elementary analysis serves for an approximate solution of the 
circuit; the filament would Ix' connected to point 4, somewhat lower than 
the middle of the coil and points 5 and 6 should be adjustable by multi¬ 
point switches. Normally there should lx‘ 65/i/i IxHween points 4 and 5 
for the plate connection, and 32/i/i Ix^tween points 4 and 6 for the grid 
connection. 

The foregoing calculations have Ix'cai made on the assumption that 
the a.c. output of the tube was 50 ikt cent of the input, .\ctually on 
a small tube like thi.s 25 jxt cent efficuaicy would 1 k' more lik(*ly than 50 
per cent; this would decrease the value of I and so r(‘quire an increase 
in the required values of A 4 r> and A 1 - 5 . 

As the alternating component of the plate current Tp is practically 

out of phase with the ix)wer circuit current /, the recpiired phase' dif¬ 
ference of 180^ Ix'twedn Ep and Eg will not Ix' obtained if is appreciable 
compared to 7. This .‘^hift in phase of E,, as the ratio l^Jl increases, very 
materially reduces the possible output of the tube. This has led to the 
conclusion that the circulating iM)wer in the oscillatory circuit should be 
at least 10 times the actual power drawn from the circuit by the load. 

If it should hap[X‘n that li and lip are so high that tlu' required 

is more than about two-thirds of the whole coil />, the conditions required 
by Eqs. (43) and (44) could not be satisfied by this circuit, so it would not 
oscillate. 

The case has many features in common with a shunt-wound self- 
excited generator. In such a machine maximum output is reached when 
the external resistance is equal to the internal resistance of the machine 
(if the generated e.m.f. is kept constant); also if there is too much resistance 
in the shunt-field circuit of the machine, it will not excite itself, or “ build 
up/' as it is called. This corresponds somewhat to a tube circuit having 
too high a resistance in the oscillating circuit. 
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The Oscillating Tube as a Detector of Undamped Waves. —From 
the explanation of the action of the three-electrode tube as a detector cf 
high-frequency currents, given on pp. 534 et seq., it is evident that the 
amplitude of the high-fre(iu(‘ncy current must vary with audible fre¬ 
quency if an audible response is to be given by the telephone. In contin¬ 
uous-wave tek'graphy the; signal current received by th(.‘ antenna does not 
have variations in amplitude; a dot, e.g., might consist of 5000 cycles 
of a 50,000-cyclc current, the amplitude of the current being constant 
for the duration of the 5000 cycles. 

If the input circuit of the detecting tube is continually excited by a 
locally generated frequency of 49,000 cycle's, when the signal comes in 
the input circuit is excitf'd by both 49,000 cycles and 50,000 cycles, the 
result being a high-freeiuency excitation the amplitude of which varies 


" 'VWWWWW 




Fig. 138.—Convoiitional dia^^ram of .a continuous-wavo signal voltage Eg, a locally 
generated voltag(‘ 1/,^, of .‘^lightly djlTcarnt fre<jiieney, and the sum of the two, which 
i.s the voltage acting on \ho grid. 

1000 times a .second. Tiii.'^ high-fn'quency, variable amplitude, input 
voltage will give* a lOOO-cycle* neile* in the telephones, connected in series 
with the plate circuit e)f the tube. In case the locally generated, high- 
frequency current is produced by the eletecting tube itsrdf, it has been called 
autodyne reception^ in case some d(*vice other than the detecting tube is 
used for impressing th(* local high-frequency current on the grid the scheme 
is called heterodyjie reception. 

The excitation of the input circuit when no signal is arriving is due to 
the voltage E^mg sin a/, and when the signal, sin pf, is being received 
the actual excitation of the grid circuit is sin ud+E^ng sin pt) as 

indicated in Fig. 138. 

Detection with no Grid Condenser. —We have previously shown that 
if the grid is actuated by a voltage E'^ng^^rnct and if the plate current 
varies as the square of the grid potential, the increase in plate current is 
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given by | (average value of €y-)XiPIp/dEg-. Hence when the excitation 
is such as given by curve, Fig. 138, the increase in plate current is 


A/p = average value of 


{E\ng sin a7 +sin />/)- 


ilEg^ 


E,r. 


f' -2 

>r»<J 


1 d~I., 


—h—T—+average value of {E,nuE',nQ sin u.7 sin pi) [ (47) 

4 4 ] (t Lit n 


The first two terms give the increase' in the plate current which is con¬ 
stant, as long as the excitation is applied; their effect would produce an 
increase in the value' of the' plate current as read by a c.c. ammeter in 
the plate circuit, but tlu'v would not jireiduce a re'adable signal in the 
phones, giving only a slight click in the' phones when the excitation is put 
on the grid and ane)the‘r whe'ii it is take'ii ofT. 

Whatever audible signal is e)l)taine‘el must ceune.from the third term; 
this may Ix' written in the' expandeel form 


The average value of both the'se' ceisine* te'rms is zero, but ce)s (a' —p)/ 
may fluctuate so slowly as to produce* an audible* signal in the iihoiif's, and 
it is this term which is useful in continuous-wave (let('(‘tion. The* sln'ngth 
of signal is then me'asuri'd by this te'rm. 

A/,,(^>f audible fn‘ejuene*vj - ceis (w —//j/— 7 -^ . (48) 

2 dhg- 

The frequency eef this fluctuatiem in the plate* curr(*nt, which is the 
note heard in the phonos, is adjustable by the o[)(‘rator, as he* can make 
the value of w anything he* may de*sire*. The* ear and phone* are beith most 
sensitive at a fre'epie'iicy of abe)ut 800 cycle's per se*cond, so w is generally 
adjusted to give (cj-■/;)/27r = 800, eir (p ~ u')/27r = 800. 

It is to lx* noticed that where'as the re‘spe)nse^ e)f the tube detector is 
proportional to the sepiare* e)f the* signid stre'ngth for dampe'el wave signals 
Eq. (17), it is pre){X)rtiorial to the* first pe)we*r of this signal strength when 
used for continuous-wave' receiver. This fact make's the tube a better 
detector of signals for undamix*el, than fe>r elampeal, wave's, its sensitive¬ 
ness not decreasing with the^ strength e:>f signal so rapidly for one as it does 
for the other. Eq. (48) show's also that the* response to a given signal 
varies with Wg the amplitude of the local oscillations, so long as the vari¬ 
ation of E'g d<x>s not change the value of (PIp/dPJ/. 

This increase in response with the strength of the local oscillations is 
similar in character to the increase in response of a telephone receiver 
due to the use of the permanent magnet. It is not a characteristic pecu- 
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liar to a vacuum tube, but holds for any detecting device in which the re¬ 
sponse varies with square of the impressed force (when a single-frequency 
is impressed). A crystal rectifier has a nearly parabolic relation between 
the current through it and the impressed voltage (see Fig. 34, p. 443) 
and the curve of response as a function of the signal strength is as shown 
in Fig. 139, when it is used 
to detect spark signals. If, 
however, the crystal is used 
to detect continuous-wave 
signals by use of an auxili¬ 
ary source of continuous 
wave excitation (Fig. 140), 
its response follows the 
same law as obtaiiual for the 
vacuum-tulx' receiver, given 
in Fq. 48; its response will 
be proportional to the first 
power of the voltage of the 
received signal, not as th(‘ square. Tliis is indicated in Fig. 141. 

The crystal rectifier vill aFo act lik(‘ the vacuum tube in that the 
response of the rectifi(‘r, for a givcai signal strength, will vary as the first 
power of th(‘ locally g(‘n(‘rat(‘(l (*.m.f. until tlu* value of this e.m.f. is such 
that the region of parabolic rectification is (‘xci^eded. The response of 

the crystal, for given signal voltage, 
as the value of E'g is varied, is about 
as shown in Fig. 142; the response is 
pro|)orf ional to K'g for a certain range, 
tluMi cea.<(‘s to increase with E'g and 
if E'g is still further increased the re- 
spon.'^e falls and may reach practically 
z(‘ro for excessively large values of E'g. 

d'his same characteristic holds for 
tlie vacuum tulx' iisenl as a Ix'at re¬ 
ceiver, the static characteristic of a 
tube biMiig as indicated in Fig. 143; 
if tlie amplitude of the locally gen¬ 
erated e.m.f. is (K\ tlie restxinse (for 
given signal strength) will lie about twice as strong as if E'g had the 
amplitude' OH einly, where'as a value of E'g e'qual to OD would result in 
a signal jx'rhaps le'ss than feir E'g==()B. If E'g is increased to the value 
OE the response to the' signal will Ix' practically zero. 

Detection with Grid Condenser.—In ciusc a condenser is used in 
series with the grid of the tube being used as a beat receiver, Eq. (23) 


V 

sismJ 


To fOTjtttlMOUS 

wave jfeiKTator 



Kiel. 140 . —A |>os.sil)lo.srhomo for Ix'arintx 
contimioiia-wavo signals with a cry.s- 
tal (l(‘to<'tor. 



'k;. ISO. Rootifyinfi action of a crystal actuated 
by a single frccjucncy. 
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must be used in predicting the detection efficiency. The question is 
somewhat more involved than for the tube with no grid condenser, be¬ 
cause the nonnal grid potential (average value with no signal coming in) 

varies with the value of 
the potential decreasing as 
E'g is increasc'd in value. 
As all four of the deriva¬ 
tives used in Eq. (23) vary 
somewhat as the normal 
grid potential is varied, 
an exact expression for 
the detection factor must 
bi' rather comph'x. As the 
tube is used in practice 
the most sensitive condition 
is easily found as will be 
described in a succeeding 
paragrai)h, dealing with the 
self-excited, oscillating 
tul)<‘ as (l(‘tector. 

Analysis of Some of the More Commonly Employed Circuits for 
the Self-excited Vacuum-tube Oscillator. 'riu‘ first circuit to be an¬ 
alyzed is one having a 
tuned plate circuit, the 
grid lx*ing excited by 
magnetic coupling with 
this tuned circuit; the 
connections are as indi¬ 
cated in Fig. 144, The 
actual plate current is 
I<yp+ipf actual plate volt¬ 
age Eap+Cpy and actual 
grid voltage We 

suppose that (E^+nE,^) 
is of such a value that 
lap is about one-half of 
the saturation current of 
the tulxi, as shown in 
Fig. 145; when the tubf? 
is in the oscillating state 
the value of (Ep+nEg) fluctuates Ix'tween OP' and OB, and the plate 
current fluctuates between the values CP' and DPI. Through this range 



Fig. 142.—Roctifyin^? action of a crystal detector as a 
function of the amplitude of the locally impresscHl 
voltage, the si^n/d volta>;e being of constant am¬ 
plitude. 



Fig. 141. —Rectifying action of a cry.stal us^^^il as in¬ 
dicated in Fig, 140. 
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of fluctuation in the plate current, the relation between Ip and 
is nearly linear so that 


.(49) 

A being a constant which, upon insfK'ction, must be the inverse of a resis¬ 
tance. This relation is not true of course for the extreme values of ip, the 
proportionality factor decreasing as the value of ip approaches the values 
of CF and DE. 



Fio. 143. Th(' r(‘sp<)nso of :i tul)o iisod for recoiving continuous-wave signals will vary 
with the strength t)f the local os<allations, thesiiine as the crystal; a local oscillation 
of amplitude or would ^ive (for a fixed incominj; signal) response about twice as 
Kn\at as if the amplitude were O/i, hut an amiilitude OE would give but very 
little respoiiiK*. 


This point is illustrated in Fig. 146, in which a sine wave of (Cp+/xO 
is shown and below it in full line the alternating plate current ip; the 
dotted additions to this curve serve to show how ip differs from a sine 
wave. The curve ip shown in Fig. 146 is symmetrical about the zero 
axis, a condition rarely obtained in an actual tube circuit. It occurs only 
if the plate-current curve shown in Fig. 145 is svmmetrical about the 
point A, This supposes that the upper part of the curve (caused by 
saturation) is of the same form as the lower part of the curve (caused by 
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effect of space charge) and also that {Eop+^JiEoo) has been properly adjusted 
to bring point A to the niidtlle part of the curve. 

For such a special state of affairs two effects exist which are practi¬ 
cally never found in practice; the value of plate current, as read by 
a c.c. ammeter, does not change 

when oscillations begin and the al- ^ 

ternating component of the plate _ 

current contains no even harmon- | j \ 

ics. Generally the plate current ^ / \ / \ 

does change when oscillations are i 1/ ! / \ 

started and the plate current has 1 IfS. -jc- \—^——\ 

very pronounced even harmonics, u /| ' \ • I / 



0 If \c 

I X,) 



00 ^uj 

Of “ E 

0 E - E -f ^ W 


Fig. 144.—A rommonlv cmptiyofl oirrait 
for prcKlucini^ o.snltitiun.^; the fn^- 
quencv is fixed by the eon.stant.s of tfje 
plate circuit and the value of M is 
the critical factor pnxluctiori or 
non-pr(xluction of o.scillation.s. (irid 
biasing battery should be preferal>ly 
between and the filament conncti<;n. 


Fig. 115. .\ sinusoi»l;d variation in gri<l 

|>otential will ))rodu(M“ a sinusoidal varia¬ 
tion in plate current only if the fluctuation 
in plat<‘ current o<‘curs ov(‘r a limittal 
range. \\ ith a curve symmetrical about 
the point .1 the plate current will contain 
no even harmonics, only o‘ld ones being 
pre.s<*nt. In case the upper and lower 
beml.sare not symmetrical aliout .4 (which 
i.s generally th(‘ eas<‘), both evaai and o<ld 
harmom<*s will <a*cur in plate current. 


On the basi.s of Kq, (40), we can write at once, putting = 

.(40) 

From the notation given in Fig. 144 

ip~ i\ Ai-it 

i\ being the alternating component of current through L\, 


€n = — UEl — L\ 
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and 


en — —M 


di\ 

dt 


(51) 


To make Eq. (51) true the grid circuit must be so adjusted that no 
current flows in it as the voltage, goes through its cycle of values; this 
requires that at no time 
throughout the cycle 
must the grid be positive 
with respect to the fila¬ 
ment, and that the 
capacity of the grid- 
filament circuit is negli¬ 
gible. Tlie first condi¬ 
tion can be brought 
about by using a propfT 
value of E, (Fig. 144), 
but the second condition 
cannot be brought about 
by any adjustment of 
the tub(' circuit. In 
some cases this capacity 
is of extreme imi)or- 
tance; for v(Ty high-fnHiuency circuits it may be one of the limiting 
factors of operation. It must be borne in mind that the capacity 
to be considered is not the geometrical capacity of the tube, but the 
effective capncitij as explained on pp. 527 et seej. (An oscillating tube 
furnishes maximum power wlien the external resistance in the plate circuit 
is ecpial to Rp^ so in calculating the proba))le effect of the grid-filament 
capacity of an oscillating circuit the proper value of a to use in Eq. (15), 
p. 528,'is/i/2.) 

W'e iiave also 



Fig. 146.—Due to the upper and lower eurve.s of the 
plate current curve of Fig. 145 the actual alter¬ 
nating component of the plate current is flat topped 
(sine-wave .sha|)e shown by dotted lines). 


(it’ 


which by using (50) Ix'comes 


Cl{,'^+CLi 

at 


(it-' 


By combining the foregoing equations to eliminate Cp, e„, ip, and io, we get 


Such a differential equation is satisfied by writing ?i as an exponential 
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function, the form of the function (trigonometric, hyperbolic, etc.), 
depending upon the relative values of the various constants in Eq. (52) 
The roots of Eq. (52) are real if we have ^ 


r 1 

- 4L,/ R,\ 



-^(i+--)>o. . . 

C\ lij 

. . (53) 


For this condition, the current u must be non-oscillatory, the circuit is 
aperiodic. If (/^i + <^-^/)>0, the exponential function is a 

L lip 

decreasing one and in cast' some disturbance occurs in the circuit tlu' dis¬ 
turbance soon disappears and the circuit resumes its normal condition. 
This can evidently occur if M is positive and also if M is negative provided 
its value is less than {1/ii){Li + CRlRp). 

If Ri+TTyr (Li+/i.U)<0, any disturbance s('t up in th(‘ system tends 
CRp 

to increase itself; this occurs if M is negative and its value such that 

M>-(Li + CRlRp)^ The plate current then tends to incn'ase or d('(T(‘as(‘ 

(according to the sense of this disturbance) and do(‘s so as long as the 
characteristic curve (Fig. 145) is straight. 

In the case the constants of Eq. (52) are such as to make* its roots 
imaginary, we have 

• • • ( 54 ) 

The current ii must then be of the form, 

i\ =i4«“^sin (w^ + 0),.(55) 


in which we must have 




and 




. (56) 

. (57) 


The exponential in Eq. (55) is decreasing if I{i.+—--{Li+nM)>{), which 

11 n 


* For an analysia of an equation of thia kind aec the first few pages of ChapU^ III. 
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is true for all positive values of M, or if M is negative, but its value is 
such that M<- {Li-^-CRdip)- 

For such conditions any shock on the circuit will produce oscillations, 
of frequency as determined from Kq. (57), but the oscillations will die 
away because of the negative value of a. 

The last, and most important, case to consider is given by 

{Li+nM)<0, 

that is, when M is negative and its absolute value is such that, 

{Lx+CRlR,) .(58) 

For this condition any disturbance to the circuit will start oscillations, 
and thes(‘ oscillations will increase in magnitude until the straight part of 
the curv(‘ in Fig. 145 is exceeded. In the average radio circuit Li is 5 to 
10 times as large as so that ICq. (58) may be approximately written 

M>Li/fx. 

The effect of making the plate current fluctuate through such large 
values is to make Rp variable throughout the cycle, resulting also in an 
increase in the av(*rage value of Rp] the oscillations will therefore increase 
in amplitude, after once being started, until the value of Rp is increased 
to such an extent that the inequality given in Eq. (58) is changed to an 
equality. When this condition is brought about the value of a becomes 
zero, and the exponential in Kq. (55) reduces to unity, giving neither 
increase nor d('crease in the amplitude of the current. 

From the foregoing it is evident that if the circuit of Fig. 144 is to 
produce oscillations, M must be somewhat greater than its critical value 
given by the relation 

-M = ^ {L,+CR,.R,.) .(59) 

g 


If M (‘xceeds (in absolute value) this value oscillation will start; if 
oscillations are alri'ady present and M is made slightly less than this value 
(in absolute magnitude), the oscillations will stop, hence the use of the 
term critical value. 

The frequency of the oscillations is obtained from Eq. (57) and is 




47rLi 


4/>, / R,\ 

1 1' 

ItV+hJ- 



(60) 
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and if M is adjusted to its critical value, 



which in the average radio circuit is practically the same as 


/= 


_ \ _ 


( 62 ) 


If the coupling between the grid and plate circuits is made tighter than 
required for the limiting value, the frequency is somewhat decreased. 

If we suppose Eq. (62) to give the frequency, the critical value of M 
may be w'ritten in the fomi 






(6:j) 


From this relation it is evident that if a circuit is oscillating with a value 
of M equal to the critical value any decrease in the frequency, accomplish(‘d 
by varying either Li or C, must be accompanied by an increase in the 
coupling, otherwise the oscillations will cease. 

Self-excited Triode Circuits Always Generate Harmonics.—It is shown 
in a previous section that the exponential factor, c“^, of Eq. (55) is an 
increasing function (instead of decreasing) if M has greater than a certain 
critical value. But such an exponential would k'ad to a current having 
an infinite value, evidently an absurdity. When the oscillations hav(‘ 
built up to a certain value the factor must reduce to unity, which means 
that the circuit actually does something which our simple analysis does 
not predict. 

Eq. (49), from which the solution was obtained, assumes a linear 
relation between current and voltage, but Fig. 145 shows this to Ije true 
for only a small range of current changes. Now if th(‘ relation of voltage 
to current is non-linear, harmonics of the fundamental frequency will be 
generated, and these harmonics tecome proportionately greater as the 
oscillations I)ecome more violent. Thus the oscillations predict(‘d by the 
condition of Eq. (58) wall build up in intensity, after they start, and will 
not stop increasing until the plate current is swinging to such an extent 
as to cover the upper and lower curved parts of the characteristic given 
in Fig. 145. 

The conclusion to l)e reached from this simple analysis is that amj 
self-excited triode circuit will produce many harmonics of the fundamental 
frequencyt and that the tighter the coupling between plate and grid circuits the 
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greater will the harmonics he in comparison with the amplitude of the current 
of fundamental frequency. 

Prediction of Oscillatory Condition by Putting Total Resistance 
Equal to Zero. —The condition for oscillations in any circuit can be 
expressed by putting the total resistance of the circuit equal to zero. In 
Fig. 144 the external plate circuit has a resistance Ra -n and this is in series 
with the effective tube resistance R'p. This R'p is the relation between 
Cp and ipy when Oie values of ip are determined not only by Cp hut by the simul¬ 
taneously acting Cg] as Cg may be 180° out of phase with Cp and of such value 
that yeg>epy it is possible to have ip 180° out of phase with Cp, so that /Z'p 
may be negative, whereas Rp is always positive. 

This difference may l)e formulated by writing 


and 


dicp + ^Cg) 

Rp= -,—— witli eg held constant, 

dip 

€g and Cp both allowed to vary. 

dip 


In the latter expression wo have to remember that when Cp changes fp 
changers and thereby may induce voltages which affect Cg, That is, Cg is 
a function of Cp, and may exert such a controlling effect that R'p turns out 
negative. In fact, by using the relation ip = A{€p-\-^ieg)y upon w^hich all 
this theory of oscillating circuits is based, we find that, with eg held con¬ 
stant dip — AdCp so d€p/dip—\/A —Rp. Now if Cg is allowed to vary, 

dlp = A((lep+^idCg) or u — or R p^Rp-fi—. 

dip dip dip 

Wo have then, as the coiulilion for s('lf-sustained oscillations 

/f.i .«+/f'„ = 0.(64) 


But from I'^q. (ofl) of Chapter 1 we know that the resistance of the parallel 
circuit, at resonance, is given hy 


Ua- 



Hl 


(65) 


Now deg = —wMdi\, de,, is nearly equal to —wL\di\ and 


Then 


1 

<i>v = -,T {dc„+ndc„). 

til, 



u'Ij]di 1 


Rp 


Rr>L\ 

Li 


. . ( 66 ) 
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Hence using Eq. (64), (65) and (66) the critical value of M may be 
obtained from the relation 


RpL\ , ^ 


. . (67) 


If we use the approximate relation C = -—, Eq. (67) yields the solution 

co-Li 



which is the same as obtained in Eq. (68). 

Experimental Check of Theory.—It is possible to measure the resistance 
of the oscillatory circuit of Fig. 144, in a Wheatstone bri(ig(‘ to s(‘e if its 
resistance actually does vary in the fashion predicted. I'he (‘xjxTiment 
shows that the resistance of the circuit actually does diminish in accordance 
with the theory; with a critical value of M the resistance b(‘comes ztTO, 
and if the impressed fn^quency (at which the z(to resistance has Ix'on 
measured) is the same as the natural frequency the circuit will start to 
generate oscillations. By inserting more resistance in s('ri(‘s with it, 
however, the oscillations may prevented and m(‘asurem(‘nts made for 
values of M greater than the critical value. 

In Fig. 147 is shown the exix^rimental arrangement for testing tlu^ 
theory and the theoretical and experimental values of resistance for vari¬ 
ous values of condenscT C, and, various degrees of coupling b(‘twe(*n the 
plate and grid circuits.^ These curves show for exampU* that if the con¬ 
denser in the plate circuit has a value of 0.5095 microfarad the circuit will 
start to oscillate by itself when the mutual inductance 1x4 ween the grid and 
plate coil has been increased to 5.5 millihenries. 

It will be noticed that there is remarkable agreemcait Indween experi¬ 
mental and theoretical values. T’he teat, however, was carried out at a 
frequency of about 1200 cycles, far from the range of radio freciuencies. 
This was done advisc^dly as certain errors are likedy to occur when making 
the measurements at high frequencies and the theory is apparently dis¬ 
proved. To bring out this point there is given on the following page a set 
of data on the action of the circuit of Fig. 144 when using smaller inductance 
and capacity than was used for Fig. 147. The experiment also determined 
the values of M required to start oscillations, to check Eq. (58). 

' For detailed analysis of this test see ^^An Analysis of Two Trio<le Circuits/’ by 
John H. Morecroft and Axel Jensen, Proc. I.R.E., Vol. 12, No. 5, Oct., 1924. 
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The inductances L\ and L 2 were each 173 microhenries; Rp was 3600 
ohms, and m was 6.7. The values of C and R in the oscillating circuit 
were varied as shown in the accompanying table. 


Capacity C 

Wave Leni?th 

IleHiHtance li 

M in nh 
Experimental 

M in fih 
Calculated 
from E( 4 . (68) 

13,400Xl0-'2 


4 8 

00.5 

00.6 


2870 

5.2 

03 3 

63.3 



5 0 

00.7 

06.2 



4.8 

55 3 

54.0 

10,800 

2580 

5 8 

59.2 

59.6 



0.8 

04.8 

65.3 



0 8 

53 3 

54 3 

7,770 

21S5 

8 .3 

59 2 

00.5 



9 8 

04 8 

06.7 



S 4 

48 0 

48 8 

5,100 

1770 

11 4 

m 0 

57.0 



14 4 

04 0 

65.3 



1 12 0 

31,0 

42.4 

2,570 

1258 

i 24 0 

40 0 

59 0 



1 30 0 

01 8 

75.6 



10 5 

25 5 

34.3 

im 

7r»i 

50) 5 

41 5 

54 5 



90 5 

59 4 

74 8 



j 20 3 

20 3 

30 8 

445 

522 

j 120 0 

34 7 

54.4 



! 220 0 

49 7 

78 5 

1 


It will he s(‘(‘n that for the higher value of capacity the agreement 
between theoretical and ex{x*riniental values is very good, as it is in Fig. 
147, but that larg(‘ discrepancies occur for the smaller values of capacity. 
This is caused by the capacitive coupling of the elements of the triode; 
when th(' capacity in the oscillating circuit is low this triode capacity very 
materially assists the magnetic coupling in producing oscillations so that 
the exix'rimentally d(‘termined value of M is about 60 per cent of the 
theoretical value. The missing 40 jx'r cent of the theoretical is supplied 
(in effect at least) by the grid>plate capacity coupling of the triode itself. 

This capacity coupling, due to the triode, is more effective at the higher 
freciuencies, hence the increasing discrepancy between theory and experi- 
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ment with increasing frequency (decreasing C). The theory is correct, 
but it has not considered all of the factors entering into the experiment. 



Fig. 147. —Showing meaflured values of resistance and its dependence upon the coupling 
between grid and plate circuits. 


Phases of Voltages and Currents in the Steady State.—When the 
value of M, l)eing increased from zero, slightly exceeds the critical value 
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as determined by Eq. (59), oscillations start and build up to a certain 
steady value; how quickly they reach the steady state depends upon how 
much M exceeds its critical value, when the oscillations start and on the 
value of Rl. The steady state is reached when Rp has sufficiently increased 
(in average value) to reduce (59) to an equality. 

When ^ 

Eq. (52) reduces to the form 


L 



= 0 . 


The solution of this is ii =1\ sin in which 


(69) 


0 )=\ 


I Rv 


LiC ‘ 


The grid voltage Cg - — M —icMh cos wL 

at 


But as M is negative, this may be written 


€ 0 =^ Oi M Ji sin 



(70) 


in which i|.U!| represents tlie magnitude only of 3/, irrespective of its 
algebraic sign. 1 his equation makes the grid voltage lead the current 
Ix by 90". 

ITe plate voltage 


€p- —Riix — L\ “ = —RJ\ sin — cos ict 


= —/i +(i*^/>i)“ sin (a;<-+-0), 


in which 


tan <#> = 


a'Li 


In practically all radio coils o.L\/Ri is so large that may be put 
equal to 90" without much error, so that, 

Cp= — /i R L”4"sin (a;<+^/2).(71) 

From (70) and (71) it is evident that Cp and eg are practically 180" out 
of phase, a condition we have previously shown necessary for oscillation. 
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The plate current is fixed by the condition 

dil 

di\ 

And Rpip^ep+fieo, and e„=—M and ti = 7i sin (d. 


dt’ 


We have 
'h 


(ep+Me(,)= 


or 


= —^ (Rl sin cot+coLi cos wt+fAwM cos u)t) 

lip 

tp= ~Tr ^sin (0?/ + ^) 

Rv 


in which 


tan \p = 


o:(L,+fAM) 

Rl 


As M is negative and is greater in absolute value than Li, the angle 
^ is nearly — ir/2. 

Then 


lp= — ~\/Rl/oi -(ZyI -f*“ sin (a;^ —t/2) 

Rp 

= -^ V«t- + a.^(7>i+M.W)*’ sin M+t/2). . . (72) 

Rp 

It is therefore evident that the plate current leads the current in Li by 
practically 90^. 

Amplitude of Oscillation in the Steady State.—The greatest current 
is generally obtained in a low resistance oscillating circuit with the least 
coupling that can be used to maintain oscillations. The lower the value 
of M the greater must h Ix^ to maintain the required grid excitation and 
1 1 will vary with M about as shown by the full line curve in Fig. 148; if 
the value of M is decreased Ix^yond the critical value oscillations will 
generally cease entirely. In certain circuits it is possible, however, to get 
maximum current with somewhat greater coupling than that at which 
oscillations start; in that case the curve between M and I\ has the form 
indicated by the dotted line. The form depends somewhat upon the 
static characteristic of the triode; in Fig. 149 are shown two possible curves. 
The full-line curve corresponds with the full-line curve of Fig. 148, and 
the dotted curve of Fig. 149 corresponds to the dotted curve in Fig. 148. 

If the value hp (no oscillations) is so adjusted that it is equal to one- 
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half the saturation current, then the maximum possible value of Zp is /op. 
But from Eq. (72) we have the maximum value of ip given by the relation. 

tip 

Imp and /ml being the maximum possible values of the two currents, 
ip and t’l, and this value of Imp must be equal to Up. So we put 

tip 




Fia. 148.—Showing possible relations Fig. 149.—A tube having a plate current curve 
lx*tween amplitude of oscillatory cur- jis 8ho\Mi by the full line will l>ehave as in¬ 
rent and value of M in Fig. 144. dicated for the full line of Fig. 148; similarly 

for the dotted lines. 


or 


/ml — 


/op/?P 




and by substituting the condition 






1 




and assuming 
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which for the average tube is practically the same as, 



For this condition we conclude that increasing C must result in a 
decrease in /i, but in trying out this relation experimentally we often find 
that h may be increased by increasing C. There must be in the circuit 
some other limitation which must also be considered in using the relation 
of Eq. (73). Indeed this is at once evident, because Eq. (73) would lead 
to a value of /i, approaching infinity as C is made to approach zero. 

By examining the possible values of Cp we find the other limiting factor; 
it is evident that the maximum value of Cp is Eopy so that we have as another 
limiting condition on the amplitude of the oscillating current, 

Eop = Iml^ (ojLi)-. 


This follow's from Eq. (71), putting the maximum value of equal to Eop. 
We then have 

T 


which, for critical value of My and assuming 


gives, 


(a) 






and as the value of Rl^ is ordinarily small compared to Li/C, we have as 
another limitation on the value of the oscillating current. 



Eqs. (73) and (74) then constitute two limits on the possible amplitude 
of h; whichever gives the lower value will determine the maximum value 
of 1 1 . The best condition makes the two limits the same which occurs 
when 
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The symbols lop and Eop 


have been used to indicate the limiting values 
[75) is pr< 

of alternating voltage and current. 


of ip and 6p, so that Eq. (75) is properly written, using maximum values 


maximum value Ep 1 Li 
maximum value Ip RlC 


(76) 


But from Eq. (60), Chapter 1, 


_L h 

Rl C 


^Ra- 


A-Iiy 


the external resistance of the plate circuit, and 

maximum value of Pjp 
maximum value of Ij 

is really Rpy the internal resistance of the tube. 

"I'he foregoing analysis therefore yields the same result as obtained on 
p. 572, namely, for maximum output the external resistance of the tube 
circuit should be equal to the tube resistance itself. 

By comparing Ecjs. (76) and (75), 
it is seen that the resistance of the 
tube for maximum output is eciual 
to Eopjlopy which we previously 
called Ropy the c.c. resistance of the 
tube. We also showed that Rp^ 
the a.c. resistance, was generally 
about one-half the c.c. resLstance Rop 
Eq. (12) and Fig. (61). This appar¬ 
ent discrepancy arises from the fact 
that Rp is really a variable quantity, 
depending for its value upon the 
amount of change in the plate cur¬ 
rent. The discussion of Rp on pp. 

518 et seq. and the measurements 
recorded in Fig. 128 had to do with 
Rp for very small variations in plate 
current, and in such a c:ise Rop is about 
twice iis great as Rp. 

¥ or the conditions obtaining when 
Eqs. (75) anti (76) are applicable, 
the plate current is supposed to vary 
from zero to 2 /op, and furthermore the relation between Ip and (Ep+^xEg) 
is supposed to be linear; for such conditions Rp-Rop-Eop/Iop^ The 
difference in Rp with weak excitation and strong excitation is indicated 



I'lQ. 150.—If the Hp of a tube is to be 
consUint the relation between Ip and 
{Ep-^ijEg) must be a straight line as 
indicat (h1 in the dotted graph; actu¬ 
ally the s<did line curve gives the plate 
current, hence it is evident that Rp 
must vary with the magnitude of 
fluctuati(-n of {Ep-{-fjEg). 
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in Fig. 150; the full-line curve represents the actual relation between Ip 
and Ep, when there is no resistance in series with the plate circuit and 
the dotted curve shows the assumed relation on the basis of Eq. (49). 
The dotted-line curve gives for Rp (at point A) 

AEp Eop 

Alp lop 

whereas the full-line curve gives for Rp at the point A a value of AEp/Alpy 
about half as great as Eoplhp- 

Of course, it is not possible to excite a tube to the limits set by Eqs, 
(73) and (75), so Rp actually never increases to the value 

^P~~ T » 

1 op 

as the intensity of the oscillations varies; the value of Rp for the ordinary 
tube will undergo changes about as shown in Fig. 151. 

Stability of Oscillations.— 
In the average low-resistance 
circuit the value of the oscillat¬ 
ing current is greatest when the 
coupling is as weak as can be 
permitted and still maintain 
oscillations. For this condition, 
however, the stability of the 
circuit is very poor; the slightest 
decrease in either 7/ or Eb is 
likely to stop the oscillations. 
Also for this condition it is nec¬ 
essary to readjust the coupling 
for every change in the oscillat¬ 
ing circuit; if either R^, Li, or 
C is increa.scd the oscillation will 
cease. To make this circuit 
stable it is necessary to have the coupling at a setting considerably in 
excess of its critical value, perhaps twice as much. This of course will 
diminish somewhat the magnitude of the oscillating current, but the 
increased reliability of the generating action of the tube generally com¬ 
pensates for this. 

It many times happens that the critical value of coupling for starting 
oscillations is greatly different from the critical value to stop oscillations; 
in a certain circuit this critical value of coupling for starting the oscillations 
was 17 per cent, whereas it could then be decreased to 12 per cent before 



Fia. 151.—The resistance of the plate circuit 
of a tut>€ varies with the fluctuation of 
(Ep-\-^Ey) about as shown here; intense oscil¬ 
lations require large fluctuations in (Ep-^fiEg). 
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the oscillations ceased. This is due to the variable value of 72^, as brought 
out in a previous paragraph; when the oscillations start their amplitude is 
necessarily small and Rp is determined by the slope at the value of /p, as 
shown in Fig. 152 at A. After the oscillations are started, the plate cur¬ 
rent fluctuates between zero and BC, and the average resistance between 
these limits is less than the value of Rp ai A. The plate current for such 
oscillations would be very complex and so the behavior of the circuit could 
not be predicted from the analyses previously given, which have assumed 
sine waves of current. 

Starting and Stopping Oscillations —It is sometimes necessary to 
give a circuit some sort of a shock to start oscillations; if normal filament 
current and plate voltage are impressed and then the coupling gradu¬ 
ally increased, it will be found that 
M may greatly exceed its critical value 
without causing the tube to oscillate. 

If, however, the plate circuit is opened 
and then closed, thus giving a pulse 
to the circuit, oscillations will start. 

In case a tube is used for generat¬ 
ing power in a transmitting station, 
the oscillations must be continually 
started and stopped, as the signals 
are sent out by the key. The vac¬ 
uum-tube generator permits this opera¬ 
tion to be carried out readily; a small 
hand key properly introduced in the 
grid circuit may control kilowatts of 
power with imperceptible sparking. 

Probably the most convenient scheme 
for “keying’^ a tube generator is that 
shown in Fig. 153; with the key open 
the grid is forced to such a negative potential by the battery Ec (which 
can be small dry cells) that the circuit stops oscillating and when the key 
is closed the coil L 2 is connected to ground which is its nonnal connec¬ 
tion for oscillation. Of course when the key is closed, the battery Ec is 
short-circuited through the resistance /?, but this will do them no harm 
if R is chosen sufficiently high. Condenser Cg shunts the contact points 
of the key; this condenser must be of sufficiently small capacity, otherw^ise 
the set will continue to oscillate for an appreciable time after the key is 
opened; about 0.1 microfarad seems satisfactory when R is 20,000 ohms. 

Effect of Oscillation on the Grid and Plate Currents. —In such a 
circuit as that shown in Fig. 144, the grid current is very nearly zero 
until oscillations start; when the tube is oscillating the grid becomes 



Fig. 152. —When a tube starts to oscil¬ 
late its resistance is fixeil by the slope 
of the Ip-Ep curve, and this resis¬ 
tance may be very different from the 
value when intense oscillations are 
occurring. 
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positive during part of the cycle and so takes current. The value of the 
grid current is larger than would be at first supposed, because, although 
the grid potential does not reach high positive values, the plate potential 
is low at the time the grid is positive. 

In a small power tube designed for £6 = 300 and £ap = 0.04 ampere the 
average value of Ig when the tube is adjusted for maximum value of 
power output is about 0.003 ampere. The maximum value of the grid 
current, when its average value is 0.003, is probably from 0.02 to 0.05 
ampere. In a large power tube, excited for maximum power output, Ig 
may be considerably greater than the values given above. 

If the plate current Jap has been ad¬ 
justed equal to half the saturation cur¬ 
rent, for the values of // and Eop used, a 
c.c. ammeter will indicate no change in 
the value of the plate current when oscil¬ 
lations start. In general, however, there 
will be a change; when oscillations start 
the average plate current will generally 
increase if the circuit is such that no con¬ 
denser is used in series with the grid and 
will decrease if such a cond('ns('r is used. 
Conditions may occur in which this gen¬ 
eral statement is not true. 

Adjustments to Give Maximum Out¬ 
put of Tube.—With a circuit arrangf'd as 
in Fig. 144, there are two adjustments to 
carry out before the tulx* will give its 
maximum output; the grid must have the 
proper excitation and the plate circuit 
rc.sistance must equal the tulx^ r(‘sistance. 
The circuit of Fig. 144 is reproduc(‘(l, with 
slight modification, in Fig. 154. The oscil¬ 
lating circuit Li, Rl, C, is many times an antenna, with loading coil, so 
it is evident that Rl itself is not adjustable, yet the resistance between 
points A and 0 must be made equal to the tube resistance. 

The plate circuit inductance is made with taps as indicated in Fig. 
154; point B is adjusted to give the right frequency to the oscillating cir¬ 
cuit, and then point A is adjusted to give the plate circuit the right resis¬ 
tance. Neglecting the effect of the plate currf nt compared to the oscillaU 
ing current (an ordinary radio set makes Ip equal to about 1/20 of /), 
we have 



Fig. 153.—This diaKram show.s a 
convenient method of “keying” a 
tube circuit; if the projxjr values 
of R and Ec are chosen a small 
hand key may control kilowatts 
of power with imperceptible 
sparking. 




Hl RlL\C 


. (77) 
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If Ro~a is to be equal to Rp = Eopflop (for conditions of maximum power) 
we so adjust tap A that 


Eo 


w 

RiMC' 


or 


^EojjRlLiC 
I ov 


(78) 


This required value of Lp may be either greater or less than L\. 

It may well be that, in circuits like that shown in Fig. 154, capacities 
in the iulye itself become important. Or it may be that instead of oscil¬ 
lating in the CRl circuit the oscilla¬ 
tions occur in tlie circuit made up of 
the capacity l^ctween the grid and 
plate, together with the inductance 
Lo and inductance lx‘tween points 
()~A. Illustrating the effect of tube 
capacity we give the case of a circuit 
having two turns from 0 to and 
14 turns from 0 to .4. The actual 
value of capacity used in C was 450/i/Li/ 
but from the measured wave length 
and known inductance, the capacity 
in the oscillating circuit was IOOO/xm/. 

The plate-filam(*nt capacity was tak¬ 
ing part in fixing the frequency of 
the oscillations and was much mag¬ 
nified by the stef)-up ratio of the 
auto-transformer made up of coils OB 
and 0/1. 

A general precaution to take in 
circuits of this kind is to make the 
grid coil, L 2 , of as few turns as 
|)ossible. Otherwise the grid circuit may be the one wdiich set« 
the frequency of the oscillations, using the capacity of the tube 
itself. 

In a certain radio circuit = 3 ohms, C = 4X10“*^ farad, Li~150m/i, 
/i;'op = 300 volts, Iop = 0.03 ampere. Using Eq. (78), the required value of 
Lp proves to be 42nh. The tap A \vould therefore In' made between O 
and tap B. 

The current in the oscillating circuit can be calculated from the relation, 
I=^(»)CEf where E is the effective voltage across OjB, which is equal to 



Fig. 154.—To make the circuit sho^Ti 
in Fi^. 144 useful, the inductance in 
the o.scillatory circuit must be fitted 
with two sets of taps as indicated 
here; the. mutual induction between 
the two coils L 2 and Lp must also l)e 
adjustable. For short waves (say 
150 meters) maximum current will 
probably be obtained with no mutual 
induction at all. 
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{Eap. \/"‘2) X Li/Lp} Using these relations and also remembering that u— 
Vl, LiC, we get, 

and so, using Eq. (78) . . (79) 

Sul)stituting the values above gives a value for I of 1.23 amperes. 
Actually 1.05 amperes was the maximum obtainable from the circuit. 

The resistance Bl was then increased to 50 ohms, and it was found 
experimentally that tap A w^as outside of tap B for maximum output. 
By calculation, Eq. (78), we find the proper value for Lp=171/iA. The 
oscillatory current, from Eq. (79), should be 0.31 ampere, whereas only 
0.26 was actually obtained. 

After the right position for tap A has been found the coupling between 
L 2 and L\ is reduced until the critical value of M is nearly reached, and 
then a slight readjustment of tap A may be nccesvsary. It will be found 
that varying M and the position of tap A will have only minor effects 
on the frequency being generated by the tube. 

The value of L 2 should be kept as low as possible; if it should happen 
that the natural period of Lj, combined with the capacity of the input 
circuit of the tul)e is about the same as the period of the L\C circuit, 
trouble may be experienced in making the tube oscillate because of the 
unexpected phase of the voltage impressed on the grid; the voltage changes 
its phase nearly 180"^ as the natural frequency of the L\C circuit is made 
to pass through the natural frequency of the grid circuit. 

Oscillations at Other than the Desired Frequency. —It may happen 
that if the grid circuit has its natural frequency in the neighlx)rhood 
of the frequency of the LiC circuit, the tul>e will generate power of the 
frequency of the grid circuit, instead of that of the L\C circuit. 

To remedy this trouble the grid circuit is sometimes tuned to nearly 
the same frequency as the LiC circuit. Another method of ensuring the 
desired frequency of oscillations is to couple th(* grid, not to the plate 
coil, but to a coil in the L\C circuit, which is so placed that no current 
flows in it unless the main circuit is oscillating. This idea is depicted 
in Fig. 155. Coil L\ will carry no current unless the main circuit, includ¬ 
ing L\ and C, is oscillating. 

The difficulty occurs principally when the resistance of the main 

* This relation is approximate only, because of the mutual induction l>etween the 
inductance between points (>-A (Fig. 154) and that between [joints A^B. If the coil 
is short, so that the turns are all close Ujgether, the effect of this mutual induction will 
be considerable and the relation given above is more accurately written (Eop/^% X 
NilNi where 

N I = number of turns between [joints 0-B 

and 

number of turns between points 0~A, 
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oscillating circuit is high so that the current I is relatively small; to suf¬ 
ficiently excite the grid in this case requires a comparatively large value of 
L 2 , which of course lowers the natural period of 
the grid circuit. | A 

Oscillating Current Comparable in Value I / \ 

with Plate Current. —When the resistance of ^ f 

the oscillating circuit gets very high the oscil- 
lating current I may decrease to such an ex- ^ 

tent that it is of about the same value as Ip 
or even less. In this case it is not easy to fo 

produce oscillations, because the e.m.f. for the g*"* 

excitation on the grid tends to get the wrong -^— 0 — 

phase. The scheme of Fig. 155 may not work 

because Li, which must Ix' small compared to 155.— To prevent spu- 

L, (because of the high value of may not :rw:t'coS 
induce a sufficient voltage in Lj, so resort must circuit to some part of 
Ix) had to coupling L_> with Lp. Now the the main oscillatory cir- 

oscillatory current in Lp is ordinarily 90® out cuit through which the 

of phast' (nearly) with 7j,, and such condition current does not 

results in a correct phase for the voltage Ey. then not 

ii-iri i likelv to be excited un- 

But if now Ip is comparable with 7, the actual circuit is 

current in Lp (which produces the magnetic field oscillating. 

affecting Lj) tends to come into phase with /p, 

that is, shift its phase 90® from its normal value. But such a shift in 
phase will result in such a phase for Ey that oscillations cannot be 



Fio. 156.—Another oscillatory circuit in Fia. 157.—Showing how the circuit of 
which the grid ia exciteni by inductive Fig. 15G is applieil to an actual radio 

coupling 1 ) 0 tween Li and as well as circuit, 

by the capacitive coupling produced 
by Ci. 


maintained; in fact a comparatively small shift will materially cut down 
this possible power output of the tube. 
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For a condition of this sort it is better to use separate excitation for 
the tube, instead of trying to make it self-exciting. Another tube cir¬ 
cuit, having a low resistance, is self-excited at the desired frequency, and 
from this circuit a suitable voltage may be obtained (either directly or 
magnetically) for excitation of the tube furnishing power to the high- 
resistance circuit. 

Coupling between Grid and Plate Circuit by Capacity. —In the fore¬ 
going discussions of a self-excited tube the voltage for excitation of the 
grid has been obtained by a magnetic coupling with the oscillating circuit, 
but it is of course possible to use electrostatic coupling, or even a com¬ 
bination of both. Such a circuit is shown in Fig. 156; in order to make 
the discussion more general only a part of the inductance in the oscillating 
circuit is included in the plate circuit. The extra inductance Lo, in com¬ 
bination with Co and /?, represents an antenna, thus making the circuit 
the direct equivalent of the actual circuit shown in Fig. 157. From 
Fig. 156 using directions of current shown in the diagram, we have, 

q>=n + ej + Z3.(80) 


(It dl dt 


■ liii-\-ec2 = —Li — M ~+<’ri. (81) 

at at 


Also we know that €c\ and €c 2 are fixed by the relation —C> —— = 12 , and 

(It 

— Cl—^=Z 3 . By the us<^ of these relations, and deriving Eq. (81), we get 
dt 


the equations. 


(i. f+a 


. (82) 
. (83) 


We can write 

R,iy-e^+ne„ e^- h dt' 


Using these conditions, and using Eq. (80), we get 

/’?p(ri+^'2 + ^3) + (/^i+M^^) "+(^^>3+^^) — = 0. . . (84) 

dt dl 

Eqs. (82), (83) and (84) permit the precise determination of n, t 2 , and 
izy but it is evident that the sr)lution would Ix^ tedious and the solution 
can be easily guessed. If oscillations occur at all they will be sinusoidal 
and as they are all supplied with power from the same source (the plate 
circuit) we can write 

ti —/i sin coif Z 2 = /2 sin is^Iz sin (aZ+^a)* 
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By deriving these expressions and substituting in Eqs. (82), (83) and (84), 
and for each equation thus obtained, equating the coefficients of cos and 
sin co<, we find 


/?p(/l +/2 COS 024-/3 cos 03 ) — a;(/iL 3 +.A /)/3 sin 03 = 0 . . 

RpiJ'z sin 024“-^3 sin 03 ) 4 “^(-f'i 4 “M-^f)'f 1 cos 03 = 0 . 

( 85 ) 

( 86 ) 

cuL/ 14 “ cos 03 = 1 

[ a;L 2 -TtV^ 024 -/ 2 /^ sin 02 . . 

\ Oito/ 

( 87 ) 

wA/Za sin 03 = ^a;L 2 

-T 7 -V 2 sin 02 — 72 /^ COS 02 . . . . 

C 0 C 2 / 

( 88 ) 

co(Li-iU)/i = j 

jco(L 3 -A/)--^j 73 cos <^ 3 . . . . 

( 89 ) 

' cj(L3-- 

M) - ^[/3 sin .^3 = 0 . 

(xjC 1 j 

( 90 ) 


Eq. (90) shows that unless oo{L -3 — M) -— must be equal 

CcC’l 

to zero, which means that es and are either in phase or 180° out of phase. 

In case — M) - --- - 0, we have resonance in the — circuit. 
wC 1 

Using Eq. (89) and (9C) to get values of /a sin 03 and /a cos 03 , then 
using Eqs. (85) and ( 86 ) to get values of 1 2 sin 02 and I> cos 02 and putting 
these values in Eqs. (87) and (88), we get the two equations 


<^{L,+L2) -+ + 

a'C 2 


1 I a-(Li-.l/) 

\^C.I 1 




(91) 


uiL-i-M)- 


and 

It-- 


aiCi 






li,. 


l+ — 


(1. .\l) 


col 1 


o(/.,+,i.l/) 


+“-— 


co(L:,-A/)- 


(iiC I 


= 0 . 


(92) 
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The frequency might be calculated from Eq. (91), and this frequency 
carried into Eq. (92) would permit the calculation of the critical couphng 
for oscillations. From inspection of Fig. 156 it is evident there will be 
two possible frequencies and of course each of these must be used in 
solving Eq. (92). This general solution is lengthy, so we will investigate 
only two of the more important cases. 

In case Ci = 0 and L 2 = 0 , the circuit degenerates into that of Fig. 144 
and so our general Eqs. (91) and (92) should reduce to the simpler forms 
obtained for this case. Eq. (91) becomes (if we put Ci=L 2 = 0 ) 

1 R 

a?Li-——h—cj(Li +fxM) = 0, 

C0L2 Up 

which we previously obtained, and if R/Rp is small enough to be negligible, 



and if this value of oj is substituted in Eq. (92), in addition to the condition 
that Ci = L 2 = 0 , we find as the condition for oscillation, 

which we have already obtained from the circuit of Fig. 144. 

In case il/ = 0 and /.2 = 0 , Eq. (91) becomes 



and if again R/Rp is negligibly small, we find, 

-C.C 2 +- ^-=0 .(93) 

(xjLi 1 

w/v.'J-- 

cct 1 

This is evidently the condition for zero reactive current in the three- 
branched plate circuit, one branch having Li, another having C 2 , and the 
third having L 3 and Ci in sf‘ries. Eq. (93) may lx‘ put into th(‘ form 


--[/>iC 2 +(/. 3 +/.i)<';.i“+/>irv.:,r;,=(). . . . (94) 

aJ4 oj" 


If we put [L\C 2 + {Ld+Li)Ci] — af and LiC 2 L 3 Ci=b we can write the two 
positive roots of this equation. 


1 


- /« /« 


2 


a 
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Of these two roots for u one is greater than 


^LaCi 


and the other is less 


than 


We shall show that the only possible oscillation is the lower 

^ LsC 1 

one of the two. 

If we substitute M = 0 and £2 = 0 in Eq. (92), we find that the critical 
conditions for maintaining oscillations is given by, 


72+ 


RjjCj /1+~ 


ccL\ 


1 - 




1=0, . 


(95) 


C 0 L 3 -- 


oiL'i — 


o:Cil 




the condition for oscillation making the left-hand member less than zero. 
The condition for oscillations is then determined by the inequality 

— {liR^C2+nLi)+U+RR^C2<0 .(96) 

^Lz —TT 
wC 1 

This can evidently be satisfied only by having 

(joLz -.(^7) 

coC 1 

which shows that the circuit cannot sustain oscillations at a frequency 
which makes wLa greater than l/a>Ci. This bears out the prediction made 
above that of the two roots of lOq. (94), only that one having a value less 
than y/\jL:^C\ is a possible frequency for the oscillations because the 
conditional inequality (97) may be written 

"<\77r.(98) 

LzL I 


Equation (96) also serves to further limit Ci, because from it we get 
the relation, 


CO- Li /va(/Li +1) + A*,,/f(\»(Li + L3) 


(99) 


So we have C\ fixed by the double condition 


>JL_ Lx + R,RC2 _ 

LiL3(m+1) +A;>AC2(Ai+L3)* 


w being fixed as the smaller of the roots of the equation given on p. 612. 
The relation given in Eq. (99) shows that if yiLz> Li (which will generally 
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be the case), bC\/bR is positive, so that as the resistance of the oscillating 
circuit is increased, the value of C\ must also be increased to maintain 
the oscillations. By similar reasoning, we see that C\ must be increased 
as the frequency of the oscillations is diminished. 

If we consider both magnetic and static coupling as given in Fig. 156, 
we can much simplify the general equations obtained—(91) and (92)—by 
supposing Lo absent and R/Rp negligibly small. Eq. (91) then becomes, 


1 / 1 \ a'(Li-iV/) 

. 


CjCL 1 


and Eq. (92) becomes 


(m + 1)co(/.iL3-3/-)- 




/f;,C2|o;(Li+/.3-2.U)-—j 


( 100 ) 


( 101 ) 


The capacity coupling serves to increase the magnetic coupling if M 
is negative and if aj(L 3 —.1/) —l/wCi <0. Even if M is positive the con¬ 
dition for oscillations may Ix' still maintained by 
using sufficient capacity coupling. 

It is to be noted that even if no actual condenser 
Cl is used in the circuit, th(‘re is always such a 
capacity present in the tulx) itself, due to capacity 
between the actual grid and plat(‘, as well as that of 
the lead-in wires connecting to them. At very high 
frequencies this internal tube capacity may very 
seriously affect the behavior of the tuix‘; in triodes 
designed for oscillating at very high frequencies the 
Eft grid lead is always brought out of the tube* as far 

P"iG. 158. -Thi.s circuit from the plate lead as possible^ with the idea of 
is similar to that of keeping the grid-plato capacity low. 

Fig. 156, but sirnpli- Another circuit which may Ix^ used is shown 
fied by eliminating the p- case, we have 

dummy antenna cir- 





-M 


di\ 

It' 


and as 


Rpip —- Sp"^ 
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we have the relation 

/ao+t^) + (i-i+MM)-77+(ML2+M)^ = 0. . . (102) 

(It (it 


When the reactance across the machine or battery furnishing the plate 
voltage is negligible (it should always be made so by shunting with a large 
capacity, if necessary), we have 


di\ ,, dvi , (111 ,^dii 

- Ij — — M —— ~ — Li — AT — Rli 

dt dl dt dt 


and as 


ii = — C 


dec 

lit' 


we can write Eq. (103) in the form 


(103) 




. (104) 


From this i\ might be (‘liminated and so enable a solution of zo to lx‘ 
obtain(‘d. Instead of this formal procedure, we guess at the solution and 
put, 

M = /i sin o:( and ii = Ii sin (u;/ + <>). 


Using these two valu(‘s and substituting in Eq. (104), and using l*]q. (102), 
we g(‘t 


a-’ -Jf (m/..- + 4/)(L, - .U)-a-(L. - .U) 

hp 


a.'(L..-.l/)- 


1 

toC, 


-R-- 


4Lj-M)- 


cC. 


= 0, (105) 


and 


cuC 


,+.in[a(L, 

+(A, +M.1/) I /.’-+(o.(A. - .1/) - 


= 0. (106) 


If in E(]. (lOo) we neglect the terms R/Rp and /f-, we get for the natural 
period of the circuit. 


_J__ 

\4l7+/>l>-2.i7^^' 


(107) 


And usin)c this vahio of to in Mq. (106), which ilctorniinos the critical con¬ 
dition for oscillation, 


/f[/e„(A.-A/) + /f(Ai+/id/)]< 


[aA — A, 1 (^-1 -- 1 ^)- 

(A,-hA..- 2 j;)C’ 


( 108 ) 
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This conditional inequality requires 

/i/>2 ^ “h (m — \)M. 

If we suppose there is no magnetic coupling 37 = 0 and the frequency 
of oscillation becomes 

CO = -7=-^-=,.(109) 

v7Zi+/>,)c 

and the condition for oscillation 

. 

Oscillating Circuit in the Grid Circuit.— W hen a three-electrode tube 
is used as detector for continuous waves, it is neces- 
sary to iiave an additional tube for producing the 
^ local oscillations or else to use the detecting tube 

_1 itself to generate the local oscilhitions. W hile any 

i I ij arrangement which makes th(‘ tub(' oscillate will 

g serve for the jmrposc*, the oiu‘ which is probably 

more fre([uently than any otlau' is shown in 
o ' Fig. 159; the tuned circuit is now associated with 
I the grid, Ix'ing coupled to the plat(‘ circuit by a coil 

N j^ in the plate circuit, L\. This is generally called the 

tickler coil. 

* If we make the same assumption as has been 

Fig. 159.—This is the other circuits so far considered, 

circuit generally u.s<Hi 1 *1 1*1 4.1 1 

when nn <.«cillatmK Current, tlu'i. t, = * and 

tube is U8e<i to re- the equations of the circuits are, 
ceive a continuous- 

wave signal; the os- (1i , 

cillatory circuit is df dt * 

here ,‘usa<K'iated with 
the grid. 

d/> di,y 


Rpip — €p-\-f2eg~ — (Li-hfiM) 


Rpip-\~M) (7/1 +mM) -~“ 
dt dt 


di 2 dij, dec 

-L 2 — — M— — Ri 2 =€c and 

dt dt dt 


Now 
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By taking tho derivative of the above equation and substituting value of z, 
then eliminating between the resulting equation and Eq. (Ill) we get 
(substituting th(‘ symbol i for both i and h, which are the same) 


la.,(112) 


Guessing the solution to be i = I sin ooty substituting the proper derivatives 
in Eq. (112), we get for the period of oscillation 



(113) 


which is practically the same as l/v^CLj- 

For th(* limiting condition of oscillations, we find. 




A’,/' 


L>+L 


R,. 


(114) 


Ecj, (114) can lx* written in the form 

1 I 1 


A' + 

( 




A.' + /o -pj(R^+nM)-L^L■>+^r j =0, 


from which, using (113) and lu'glccting terms involving R, Rp, we get 


R,. 


(115) 


and this can 1 k' satisfietl only if M is lu'gative and its absolute value is 
greater than g/>j. Tlu' condition imposed by Eq. (115) will be satisfied if 
.1/ is negative and its absolute value lies between the two roots of Eq. (115). 
8o the absolute value of M is limited by the relation 


2 


A' 


(ty- 




RRp 


(116) 


The condition is evidently difTerent from that existing when the oscillating 
circuit was in s('rics with the plate. In that ca.'^" if M exceeded its critical 
value the value of the oscillating current was reduced, but there was no 
upiKT limit for the permissible value of M. With the oscillating circuit 
in series with the grid, however, the oscillations will cease if the absolute 
value of M exceeds a certain critical value, which is nearly mL 2 . 
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In the paper previously referred to' the circuit of Fig. 159 was analyzed 
more carefully than is done here, and it is shown there that the resistance 
of the grid circuit as measured in a bridge should be 


in which r is the equivalent series resistance of th(' condenser produced by 
its leakage. The third term of the above equation for W is the resis¬ 
tance introduced by the triode as a result of tlie coupling Ixdween grid and 

plate coils, M. Now as M may 
be negative' this last term may 
evidently Ix' lu'gative. It is s('en, 
however, that as M occurs in the 
t(‘rm (j)Sr as wi‘ll as /i\ and 
as d/- must always b(‘ positive, 
and incr(‘as(‘ faster llian M its(df, 
the third term must again h(‘come 
positiv(‘ (afU'r Ixdng negative) for 
the largCT values of d/. 

In Figs. (160) and (161) are 
shown th(‘ m(‘asur(‘d values of 







for varitms valuers of d/ and C. 
All of thes(‘ curv(‘s have a ciTtain 
negative n*gion and tlaai iH'cona^ 
positive* again. now(*v(*r, for the 
small(*r values of T (Fig. 161) the 
value of d/ n*(|uir(‘d is so large 
that the curve's s(‘em to lx* going 
increasingly ra'gative*, without 
returning above* the axis. If M 
could be obtained large enough, however, they all would ev(‘ntually curv^o 
back to the positive region. 

Circuits of Very High Frequency.- —Vacuum-tube circuits will generate 


Fig. leo,-' Meiisureel viilups of tho n\si.s- 
tanre of the oscillatory circuit showiiii' its 
dcjx?ndcnco up<iti the capacity in the cir¬ 
cuit and the value of d/. In the test AV 
was zero and the value of Ai was 39.8.'i 
millihenries. 


* '^An Analysis of Two Triode Circuits,” hy Morecroft and Jensen, Proc. I.R.F]., 
Vol. 12, No. 5, Oct.. 1924. 

^ Many other circuits than the few here analyzed have been de.si^ried an<l use<J. The 
reader is referred to an article by L. A. Hazelfine in Proc. I.H.E., .April, 1918, one by 
W. C. White in O. E. Review for .SepternU*r, 1916, an<l one by 0. C. Southworth in the 
Riidio Review for iSeptemlKT, 1920. Southworth was able to obtain frequencies as 
high as 3X10* cycles per «e'‘ond. 
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any frequency between one per second or less to many millions per second; 
the low frequencies require very high values of L and C, and tight coupling, 
but arc comparatively easy to produce. To get the very high frequencies, 
it is necessary to consider carefully all the capacity in the circuit, especially 
that in the tube. 


The circuit shown in Fig. 162 will generate perhaps as high as 10® 
cycles per second, if the internal capacity of the tube is low. The oscil¬ 
lating circuit is indicated by the arrow, and must be made with very short 
leads; the condensers C\ and C* should each be several niilli-microfarads. 



and the values of Li and L 
have to be properly selected 
for maximum oscillating cur¬ 
rent. 

These very high-fre¬ 
quency currents often occur 
when neither expected nor 
wanted. Thus in the con¬ 
nection scheme shown in Fig. 



Fi(j. Fil.- (airvc's similar to of I'lj:. ItH, I'lo. circuit useii forgen- 

fi*r stiiiillrr v.iliir.s of the grul-circiiit rajvicity. crating very high frequency; 

In the test R,. wa.s /cm, and liic value of />i wa.s the o.'^cillatory circuit is indi- 

d9.S.'i inillihcnric.s. cated by tlie arrow. 


163, the circuit in which oscillations are desired is made up of Lgy Lpy Ry 
and tli(‘ current being indicatc'd by ammeter If either R or C is 
loo large, the conditions for oscillations in the main oscillatory circuit 
may not be satisfied, but the adjustment may serve to maintain oscilla¬ 
tions in the circuit indicated by the arrow. That the tube is oscillating 
is known by indication of the c.c. ammeter which is nearly alwaj^ used 
in the plate circuit, but ammeter A\ shows nothing. If, however, a hot¬ 
wire meter of low n'sistance be inserted in the grid lead, as shown at A 2 , 
it will Ix' found that a comparatively large current is being generated in 
the local path. 

A similar condition may occur in the circuit of Fig. 164; the main 
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oscillating circuit L-C may show no current at all, but oscillations of very 
high frequency may be flowing through Lg and Lp, as indicated by the arrow, 
the dotted condenser really being the internal capacity of the tube.^ 

Englund - has investigated the possibility of generating short waves 
with the commercial tubes available and has concluded that to generate 



Fig. 1C>3.—In a circuit such as this the 
oscillatory circuit is made up of /?, Lpj 
and C in series; the circuit is very likely, 
however, to set up spurious hiKh-fre- 
quency oscillations in the circuit in¬ 
cluding Krid, plate, and C as indicated 
by the arrow. 



I'lO. 104.—In a circuit of thi.s kind (often 
calh'il a Mei.ssnor circuit) spurious os¬ 
cillations may be S€*t up in the circuit 
indicated by the arrow, the main oscil¬ 
latory circuit remaining unexcited. 


wave lengths of loss than 5 meters (frequency higher than 0X10') requin* 
special care and assembly of apparatus. 

With a 5-watt tul)e of low internal capacitv, with a circuit about a.s 


shown in Fig. 162, he was able to 



Fig. 165.—I’sin^j this push-pull scheme, 
and “N" tubes (very small triodes) it is 
possible to generate measurable power 
at 1.7 meter wave length. 


generate as low as 3.5 meters, l)ut 
there was practically no control of 
the w'ave length in the circuit. By 
building the oscillating circuit riglit 
in the tulx3 itself (thus making it 
non-adjust able) shorter connections 
may be used and the wave length 
lowered. By using a push-pull 
scheme as shown in Fig. 165, with 
Western Electric N tubes (''peanut 
tul)Os), he was aide to get a small 
fraction of 1 watt of power at 1.67 
meter wave length. 


* The circuit shown in log. 165, without the main oscillating circuit, (Ij-C-A) is 
frequently used to prcxluce oscillations of high frequency in a receiving set. The v/ilues 
of Lg and Lp must l)e adjustable for different frequencies. A very complete diseussion 
of this circuit is given by A. S. Blatterman in Vol. 1, No. 13, of the Radio Review 
»I.R.E., Nov., 1927, p. 914, 
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It is reported ^ that a triode has been built with small interelectrode 
capacity which is capable of generating 15 kw. of power at 5X10^ cycles 


(6 meters wave length) and 0.8 kw. at 



Fie. 100.—Triodo.s (losi/^nod for K^norating 
vory high frvqnoncy ('urronls g(*ncrally have 
the grid and plate leads well separated. 
This is a 50-watt triotlc u.sial principally 
})y amateurs. 


7X10^ cycles. It will be noticed 
how rapidly the available power 
decreases when the wave length 
is less than 5 meters. The general 
type of construction used in these 

Fi!nm/'nt 



Fkj. 1<>7.—A compactly designed water- 
cooled triode> for generation of high 
frequen(‘y power. 


short-wave-length triodes is i^hown in l"ig. 166; this is a 50-watt tube. It 
will Ix' notic(‘d that th(‘ grid and plate leads are kept far apart, so there is 
not much grid-plate capacity. McArthur and Spitzer - give a good sum¬ 
mary of the high frequency oscillator, 
using both triodt's and split anodi' mag- 
ludrons (Fig. 170). Using a water-cooled 
tul)e of th(' construction sliown in Fig. 

167 with plate voltages varying from 2 
to 8 kv. they got an output of nearly 3 
kw. at 5-meter wave length and 1 kw. 
at 2-meter wave length. The projxT 
plate voltage to use varic'd with the wave 
length, and of course the efhciency of con¬ 
version also varied; in Fig. 168 are shown 
the ix'rformance curves of this sjxH'ial 
triode. Its capacities are low for a tube 
of this rating; Cpa is 8 (V is 5 gg/, and C/p is 1.5 gg/. 

Acheson and Dart have reported on a tube of this form, designed for 



Fk 5. H)S.—Porformance of the triode 
shown in Fig. 1G7. 


> G. E. Review, Jan., 1929, p. 37. »I.R.E , March, 1932, p. 449. 

M.H.E., Nov., 1931, p. 1971. 
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high power at high frequency. The filament uses 52 amperes at 22 volts 
and gives 9.5 amperes of emission. Its ratings are different for different 
frequencies as given herewith. 



Plate Volts 

I 

Output 

Fre<iueiu‘y 

Plate VoUs 

Out put 

1,500 kc. 

20,000 volts 

27 kw. 

30,000 kc. 

12,500 volts 

14 kw. 

10,000 

18,000 

24 

40,000 

10,000 

9 

20,000 

15,000 

20 

50,000 

S,000 

5 


When the tube was being used at the higher frequencies parts of the body 
were warmed to fever heat when even ius far as 10 ft. from the oscillator. 
Yager ^ has reported that with low-capacity tubes 
and a circuit arrangement as shown in Fig. 169, con¬ 
sisting of two Lecher systems of short parallel win's 
with movable bridges /^, connectcal to grids and 
plates, he was able to get measurable powc^r at a wave 
length of 60 cm. The wave length was controlled by 
the distance between tubes and bridges. Hy using 
a specially constructed magnetron (the operation of a 
magnetron is described on p. 695) having a split anode 
around a filament, as shown in Fig. 170, lie reports 
measurable power at 30-40 cm. wave length. 


Fk;. 170.— A 8f)e- 
riiil tyiK* of tiiho 
(niaj^notron 1 by 

Fio. 100.—A pu8h-j)ull .sohrme u.sing berhor wiro.s to fix tlie frr- tlie of which 

qucncy; small amf)unts of jjowit .at tK) cm. wjivc Icnj^th m;iy bo very short waves 

generated if the internal capacity of the trio<les is sufliciently (.'10 AO cm.) have 
low. been generated. 

Apparently very short wave.s, nearly independent of the circuit to 
which the triode is attached, were first notictal by Harkhausen; they arc 
called Barkhau.sen oscillation.s. Referring to h'ig. 171, we suppose the 
grid to be held at a positive potential, say 100 volts, and the anode A 
at a low negative potential, say 10 volts. This, it will be noticed, is an 
entirely different potential distribution from that of the ordinary triode 
circuit, in which the grid i.s held negative and the plate positive. 

* I.R.E., June, 1928, p. 715. 
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An electron starting from the filament at a may go directly into a grid 
wire, one starting at h may shoot between the grid wires and then, being 
slowed down by the grid and repelled by the plate, be sent into the grid 
on its return trip. And possibly one starting at C may go through the grid 
wires and back and forth through the grid several times before it enters 
tlie grid. We will calculate the probable frequency of such an oscillation. 

It is shown on p. 461 that an electron, falling through a potential dif¬ 
ference of 1 volt, gains a velocity of about 5X10^ cm. per second. Hence 
falling from filament to gird of Fig. 171 (100 volts) it will have a velocity 
of 5X10^ cm. per second as it passes the grid. Now if the oscillatory 
motion is sinusoidal the average velocity is 2/7r of the maximum velocity, 
that is, 2/7r of the velocity which the electron has as it passes the grid. 
This gives an average velocity for the harmonic oscillation of I/ttX 10-^ cm. 
lK‘r second. If the grid is 0.5 cm. away from the filament the total dis¬ 
tance covered by an electron in one cycle of its motion is about 2 cm., so 
that the time for one complete oscillation is 2-^10'V7r 
= 27 rXl 0 second, and the frequency is thus l.GX 
10^ cycles per second. This corresponds to a wave 
length of 140 cm. It is thus evident that in the 
region of lower frequency which Englund found pos¬ 
sible, the time taken for the electron to go from 
fihiment to plate was an appreciable part of the cycle. 

Of course th(‘se oscillations of the electrons are 
entirely haphazard in their relative phases, so that if 
the plate and grid of the tube actually had constant 
{H)tentials, the efTect of these heterogeneous oscilla¬ 
tions in any outside circuit must be nil. However, 
it app(\ars that, owing to the surging back and forth 
of the eh'ctrons in tlu' plate and grid leads, their potentials must go up and 
down and thus react to some extent on the motions of the o.scillating elec¬ 
trons. The net re.sult is that the electrons “ pull into pha-se to some 
ext(‘nt, giving a somewhat coordinated motion, thus giving to the plate 
and grid an alternating voltage, the frecpiency of which is determined 
primarily by the natural j)eriod of oscillation of the electrons. 

We would expect tlu' frequency of these oscillations to depend upon the 
grid potential, the same as the jM'riod of a pendulum swing depends upon 
the force of gravity. Hollman ' has reported on these Barkhausen oscil¬ 
lations and gives a rough formula for determining their wave length 


A 



Fig. 171.—With high 
positive grid, and 
slightly negative 
plate, the electrons 
ma}' execute gyra¬ 
tions as shown here; 
this ])roduces what 
are called Bark- 
hausen oscillations. 




lOOOfL 

~ v^' 


(118) 


in which d„ is the diameter of the anode, and E„ is the voltage of the grid. 

‘ I.R.E., ivi)., 1929 , p. 229 . 
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Using a triode arranged as in Fig. 172, the grid and plate were connected to 
a Lecher system with a movable bridge; this bridge short-circuited the wires 
for the high frequency, but kept them insulated for continuous currents. 

With the bridge very close to the triode no oscillation occurred, but at a 
distance of about 20 cm. high-frequency oscillations were set up, which 
showed but little change in frequency as the bridge was moved along until 

the distance was about 50 cm. Here the 
wave length suddenly dropj)ed and then 
increased linearly as the bridge was 
moved along. In Fig. 173 are shown 
roughly the results obtained; in the A 
region the wave length is nearly inde¬ 
pendent of the bridge position—these 
are the Barkhausen oscillations. For 
greater bridge distances the wave length 
suddenly dropped and then rose gradu¬ 
ally with increasing bridge distance—these are sometimes called Gill- 
Morrel oscillations. The intensity of the Barkhaus^m oscillations de¬ 
creases gradually as the bridge is moved along, and the shorter waves 
start suddenly when the critical bridge distance is reached. 

For a given grid potential the wave length decreases to some extent a.s 
the anode potential is made more negative; this is undoubtedly because 
the amplitude of swing of 
the electron in the inter¬ 
electrode space Is less. 

Circuits with Two Fre¬ 
quencies.—As mentioned 
above, many circuits have 
their coils and capacities .so 
disposed that two natural 
frequencies exist for the 
combinat ion. In the stea( ly 
state a triode cannot gen¬ 
erate two frequencies, it 
must oscillate at one or the 
other. Now as one of the 
condensers is decreased the frequency may gradually change unt il a certain 
point is reached and the oscillation suddenly jumps to that of the other 
circuit frequency. Now if the condenstT i.H increit.sc‘d the oscillation 
will not jump back to the first circuit at what was the critical value of 
condenser before; it will hold on to the second circuit until the con¬ 
denser is increased a good deal above the former critical value and then 
it will jump back suddenly to the first circuit oscillation. 



Fig. 173.—Showing tho w.'ivo Icngth.M generated by 
the circuit of Fig. 172; ordinates are centimeterH. 


> 

^ Detector 


1 = s 

1 


Fig. 172.— One scheme of utilizing 
Barkhausen oscillations. 
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Elimination of Undesired Frequencies. —These undesired high-fre¬ 
quency currents are sometimes troublesome, but may, in general, be 
eliminated by suitable precautions. Thus in a circuit used with a Type 
P pilotron the arrangement of apparatus was nearly as shown in Fig. 
158; in series with R and C was another inductance, the actual connec¬ 
tion being as shown on the curve .sheet given in Fig. 232, p. 687. 

With Lp, of this figure, below a critical value, the main circuit, 
L(,~Lp-C-Lr-Rf will not oscillate; it is (juite likely, however, that when 
the main circuit is not oscillating, high-frequency currents will be gen¬ 
erated in the circuit made up of L^, and Lp in series with the internal 
capacity of the tube. Thus, with Lo = 200/i/i, Lp== 400/xA, L = 8000/u/i, 
C = 0.002/i/, the ammeter I (Fig. 232) gave no indication, but the meter 
Ip showed that the lube was o.scillating violently. Test with wave meter 
showed the circuit, Ly-L;,-tub(‘-capacity, to be generating a complex current 
of fundamental wave length equal to 800 meters; this is about the natu¬ 
ral frequency of the circuit. 

The desired wave length, of about 6000 meters, was not started until 
Lp was adjusted in excess of 1200/Lt/i; the frequency changed suddenly 
from one value to the other, iis Lp w’as varied through its critical value.^ 
There is a tendency in such a circuit, however, to maintain the existing 
oscillation; thus if Lp was increa.sed, the high-frequency oscillation per¬ 
sisted until Lp exceeded 1200^4/?. As Lp was decreased, however, the high- 
frequency oscillation did not start until Lp was made less than 1000/u/i, 
so that w’ith Lp = llOO^/j, either 900-meter or 6000-meter oscillations might 
exist, d(‘peiKling upon whether Lp had been decreased from a high value 
to WOOfjihy or had been brought up to the value from something lower. 

An interesting condition was found in this test: if the condenser across 
machine Ef, was taken out the high-frequency oscillation was very per¬ 
sistent, wiiereas the 6000-meter oscillation would not start, no matter 
what valiK' Lp might liave. Evidently for the lower frequency the 
machine offered a liigh inductive reactance and resistance, w^hereas for 
the high-frequency current it acted like a condenser of low impedance. 

The undesired high-frequency current for the circuit above described 
wius completely eliminated by introducing a suitable resistance directly 
in scries with the grid, as indicated at A in Fig. 232; 100 ohms sufficed 
to <iiminish tladr amplitude considerably and 2000 ohms at this point 
resulted in such high losses for the 800-meter wave that it could not 
sustain itself. This high resistance had a negligible effect on the 6000- 
meter oscillation, because of the comparatively small charging current 
flowing to the grid at this frequency. A little thought wdll reveal many 
other schemes which will offer a high dissipation for the spurious oscillations, 
but have practically no effect on the main oscillation. 

‘ fcJee also article by Moller, “Jahrbuchder Drathloscn Telegraphic," December, 1920. 
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Constancy of Frequency of an Oscillating Tube. —The foregoing 
formulas for frequency of oscillation of a tube circuit have all been derived 
on the assumption that the grid current was zero, and do not involve 
any characteristics of the tube, except /z and Rp. It is a fact, however, 
that there is an appreciable capacity between the grid and filament of 
a tube, and tliat the value of this capacity varies with any factor which 
affects the amplification (not nY of the tulx^ and circuit, as shown on page 
523 et seq. This grid-filament capacity is always shunted across a part 
of the oscillating circuit and so must have an effect on the frequency of 
oscillation of the circuit. 

It is therefore evident that any factor which influences either tulx' 
resistance or grid-filanuait capacity must also affect, to some extent, tlu' 
frequency of oscillation, and such is found to be the case. A change in 
either of the filament current or plate voltage will produce variations in 
frequency, the variation sometimes amounting to 1 per cent or 2 |X‘r cent, 
without excessive change in either 7/or 

However, if batteries are us<‘d for filament and plate circuits and the 
set has Ix'cn ojx'rating an hour or two to get the batteries in a “ st(‘ady ” 
condition and to warm up the coils and condensers as much as they are 
going to, the frequency stays remarkably constant. I'hus in one such 
circuit the frequency of a 50-kc. power std in the laboratory varic'd k'ss 
than 5 cycles in two hours. In a smaller set, which gjive practically no 
drain on the batteries, and did not appreciably heat the apparatus the 
change in frequency was about 1 cycle in 100 kc., in a half-hour run. 

Of course if the output of the circuit is changed it may w('ll Ix' exix^cted 
that the frequency will, in general, also change. C’hanging the plate 
circuit impedance changes the amplification factor of the circuit and this 
in turn changes the eff('Ctive input capacity. This effect can Ix^ eliminatc'd 
however, by the u.se of a neutralizing circuit,^ which prevents tlu* plate 
circuit from reacting in the grid circuit. 

Eller ^ has given a complete analysis of the factors affecting the fre¬ 
quency of an oscillating triode, and has shown that, with r(‘asonable pre¬ 
caution in holding voltag(‘s and circuit conditions constant, the frecjiiency 
remains fixed within about 1 part in 20,000. This asvsum(‘s that t(‘mp<‘ra- 
ture conditions are reasonably constant. He found the tuned plat(‘ 

^ Chanjcinf; the plate-eircuit imfKxlanoe changes the effective value the tube 
capacity (and hence its effect on the frequency of oscillation), because the amplification 
-of the tut)C and circuit ha.s been changed; the of the tul)e, hijwever, has not Imm'Ii 
altered by changing the plate-circuit ini|)e<lanc^*. 

* Transmitter tul>es should never have their frequency fixed by the capacity of the 
antenna, which varies as it swings in the wind; a small master o.seillator, working into 
a clo.se<J oscillating circuit, should be used for setting the frequency of the big tubes. 

^ I^iscussed in Chapter X. 

Dec., 1928, p. 1706. 
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circuit, Fig. 144, with grid condenser and leak somewhat more stable than 
the tuned grid circuit. Fig. 159. 

With a 201 A triode having plate circuit tuned to 1000 cycles, grid 
condenser and leak of 0.025 nf and 0.5 Mil respectively he reports that a 
60 per cent change in Ep gave a frecpiency change of only 0.09 per cent, and 
a 30 per cent change in a frequency change of only 0.03 per cent. 

He found that adding resistance to the oscillating circuit sometimes 
increased the frequency and sometimes diminished it, also that, in general, 
any change which increased the current drawn by the grid, decreased the 
frequency. 

Llewellyn^ has reported results somewhat similar with circuits tuned to 
10^’ cycles. Diminishing the plate battery by 60 per cent, or the filament cur¬ 
rent by 30 per cent, changed thc‘ frequency l(‘ss than 100 cycles in 1,000,000. 

Fixing Frequency by Piezo-electric Crystal. —There are certain crys¬ 
tals, notably quartz and Itoehelle salts, which show the phenomenon 
of piezo-electricity, or development of ek^ctric charge as a result of pres¬ 
sure. A suitably crystallizc'd piece of Hochcdle salts will show a difference 
of potential on two of its fac('s as high as sev(*ral hundred volts, when 
vigorously twisted.- A piece of (juartz crystal, projx'rly cut, will develop 
a few volts diff(‘renc(‘ of pot(‘ntial between its opposite faces, when squeezed. 
These' crystals d(‘V('lop a charge' when their shayx' is changed and as the 
phenomenon is a n'versibk' one*, tiu'v change the ir shajx' when charged. 

This jK'culiar actie)n make's it ])ossil)le' to ce)ntre)l the' frecpu'ncy oi oscil¬ 
lation of a triode, by the' me'chanical vibration of a pie'ce e)f quartz. Now^ 
quartz is, mechanically, a ve'ry jx'rfe'ct mate'rial; it is ewtremely elastic, 
having almost iie) le)ss elue' te) visce)sity. A j)ie'ce e)f ejuartz, started into 
me'chanical oscillatie)n by a i)low, will vibrate' fe)r a ve'ry le)ng time, as 
compared to ste'e'l anel e)ther e'lastic materials. Quartz then reejuires but 
very little energy supply to maintain it in me'chanical e)scillation. AVeather 
conditions and te'nqx'rature' have practi(*ally no effect on the ehivStic projx'r- 
ties of quartz se) that tlie natural {X‘rie)d e)f vibration e)f a pie'ce eff quartz is 
practically a constant; certainly it is constant to a very small fraction 
e)f 1 jx'r cent. 

The application of tlie quartz resonators for fixing the frequency of 

e) scillation of a station has be'cn develo|X'd mostly by W. G. Cady.*^ He 

’ I.R.E., lire., lOai, p. 2(Kt. 

^ Se‘e Nie'olson, Proo. A.I.F.E., Vol. 38, p. 1315, 1019; nlsi^ Eleotrioal World, June; 
12, 1020, page' 1358. Se'e* also an article' on Rochelle 8altrS hy Sawyer, Phys. Rev., Feb. 
1, 1030, giving its me'chanical expansion, saturation electric field, dielectric constant, etc.; 
anel another by Sawyer on using (his crystal for generating sound, in I.R.E., Nov., 1031, 

f) . 2020. 

See ''The Piezo-electric Resonator,” by W. G. Catly, Proc. T.R.E., Vol. 10, No. 2, 
April, 1922. Also “ Uses and Possibilities of Piez^)elect,ric Oscillators,” by .\ugust Hund, 
Proc. I.R.E., August, 1926. 
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shows how the piece of piezo-electric crystal can be treated as a special 
electric circuit, having peculiar changes in resistance and reactance in the 
region of frequencies for which it is mechanically in resonance. This 
gives one of the most striking illustrations of the ideas brought out in 
Chapter II, regarding the general viewpoint from which complex electric 
circuits must be viewed. Thus a thin slab of quartz, having tinfoil 
pasted on its two opposite faces, is certainly a condenser, from the physical 
viewpoint. It is in fact a very perfect condenser, in general, the specific 
inductive capacity of quartz being about 4.5 and its insulation resistance 
extremely high. Yet this slab of quartz, when tested in an a.c. bridge, 
instead of showing a constant capacity, of negligible series resistance, 
shows a changing capacity; at one frequency it becomes a pure resistance 

and within a certain narrow 
band of frequencies it shows 
inductive reactance! 

In I4g. 174 is shown a com¬ 
mon arrangement for a stand¬ 
ard frequency oscillator.^ A 
small disc of quartz, perhaps 
as big as a dime, is loosely 
held Ix'tween two metal plates 
A and By forming a minute 
grid condenser. This piece of 
quartz will have a certain 
mechanical period of vibra¬ 
tion (in fact three of them; 
see Hund’s pajx'r) and when 
the plate circuit is electrically tuned to approximately the same frequency 
as the mechanical frequency of the quartz the circuit will oscillate quite 
violently. The tuning of the plate circuit is merely to facilitate the 
transfer of energy from plate to grid circuit, not to sc*t the frequency. 
There may be a considerable range of the variable condenser C which 
sustains oscillations, but it may Ixi observed that as C is varied the fre¬ 
quency of oscillation does not vary at all. A small dry cell tube, with 
only 20 volts on the plate, will operate this circuit, if the quartz slab is 
good, piezo electrically. 

This scheme is used nowadays in setting the frequency of a broad¬ 
casting station; by exciting a 5-watt tube from this small master oscil¬ 
lator, and then a 50-watt tube from the 5-watt tube, etc., the fix^quency 
of the main circuit, of many kilowatts of power, is controlled accurately 
by the minute quartz disc. 

‘A Mathematical Analysis of this Circuit is given by Wheolnr, I.R.E., April, 1931 
p. 627. 



Fio. 174.—The customary arrangement for utiliz¬ 
ing the mechiinical freciuenry of a quartz disc 
for fixing the electrical frequency of the oscil¬ 
lating triode. 
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Characteristics of Piezo-electric Quartz.—A normal quartz crystal is 
somewhat hexagonal in form, more or less pointed at one end. The 
longitudinal axis of the crystal is called its optical axis; polarized light 
sent through the crystal along this axis will have its plane of polarization 
rotated, either clockwise or counter-clockwise, as the crystal is a right- 
or left-handed one. Sometimes a crystal, during its period of formation, 
starts to grow right-handed and then stops and grows the other way. 
Such crystals are said to be “ twinned.” This twinned structure is not 
evident to the eye but must 
be investigated by the ac¬ 
tion of polarized light or 
similar test. It is possible 
to find a crystal which has 
grown in several layers, al¬ 
ternate layers having oppo¬ 
site rotations. Such crystals 
make very poor oscillators, 
unless the plate is small 
enough to be cut from one 
layer only. 

In Fig. 175 (a) is shown 
acrystalmuch more uniform 
in structure than is usual, 
and in b and c are shown two 
cross-sections. The so- 
called electric axes are 
marked by .Vi, Xo, and X 3 ] 
it is along these axes that 
the crystals show most piezo 
activity. The axes perpen¬ 
dicular to the crystal faces, 
marked Fi, and 1 ^ 3 , are 
called the mechanical axes 
of the crystal. For plates 
having a frequency of vibration less than 200 kc. it is customary to use 
rectangular slabs taken from the crystal as showm by the “Y cut” in 
Fig. 175 (a); for frequencies above 400 kc. it is customary to use Y cut 
slabs, which are generally elliptical in form, somewhat like a small spec¬ 
tacle lens. The low-frequency rectangular slabs vibrate principally in 
the direction of their long dimension and so must have their length ac¬ 
curately determined. The elliptical slabs for higher frequency oscillate 
along the direction of their thickness; they must be accurately ground 
so that their thickness is everywhere the same. 



Fio. 175.—Conventionalized drawing of a quartz 
crystal; they are practically never found with 
such perfect form. In the cross sections (6) and 
(r), are shown the two ways of cutting plates 
from the crystal. 
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Various names have been applied to plates taken from the crystal in 
the two ways shown in Fig. 175 (6) and (c). X cut plates are called ^‘zero 
angle plates/^ “face ix^rpendicular cut/’ or “Curie cut”; Y cut plates arc 
called “ 30° cut ” or “ face parallel cut.” The 30° cut plates generally 
oscillate more readily thau the zero angle ones. The Curies were the 
first to use the piezo-electric properties of quartz, and as they used X cut 
plates their name has l)een given to this type; they used quartz slabs in 
cahbrating electrometers, etc. 

Whereas the slabs are shown taken from the center of the cry.stal in 
Fig. 175 this is not nec(‘ssary or customary; the whole crystal can be cut 
up in layers parallel to the pieces shown in Fig. 175, (6) and (r), and all of 
the slabs will act alike. 

The velocity of a compression wave in quartz is about 5X10'^ cm. {kt 
second; for a slab to vibrate in the half wave length mode at, say, 50 kc., 
it must be about 5 cm. long; the wave length of a 5()-kc. frecjuency will 

Ix' 5X 10"^-f-5X 10^ or 10 cm., so 
that a half wave huigth plate 
(half wave length is the normal 
type of oscillation us(‘d, as th(' 
(piartz is frec^at both eiuls) must 
l)<‘ 5 cm. long. The length might 
vary appreciably from this value 
lH‘cau.se th(‘ velocity of wavi* 
trav(‘l is diffenait in th(^ Y axis 
direction from that along the .V 
axis. 

For plat(*s vibrating along 
their thickne.ss dimension the half 
wav(' length frequency is about 
2X10‘' cycl(‘s jx'r s^‘cond for one 
millimeter thickness of Y cut plates and more n(‘arly 3X10*’ cycles |ht 
second for one niillimet(*r thickrx'.ss of X cut plates. This corresix)nds 
to a radio wave haigth of 140 150 meters jx'r millinuder thickn(‘.ss for Y cut 
plates and 1(K> 110 meters (x*r millimeter thickness for X cut plates. Thus 
a plate to vibrate 18(K3 kc. is about the siz(i and thickne.ss of a dime; it 
mu.st be the .same thickn(*.s.s throughout to [KThaps Ix^tter than 0.001 mm. 

Mounting of Oscillating Plates.—The small plat(\s (high frequency) are 
generally loosfdy mounted in a container as shown in Fig. 176. A molded 
form is fitted with a bra.ss plate having a shallow recessed space A, some¬ 
what larger than the quartz plate. A cover of brass has a finished surface 
B which almost touches the crystal plate, when the cover is screwed down 
tight on the molded form by screws through holes 6, 5, into the threaded 
holes a, a. The two bra.ss plates, top and lot tom, are of course insulated 






Fig. 170 .—The small o.seillatirii' (iisc.sare held 
in mountsimilar to this (jre*. The two 
electrical terminals conne<’t to the t w<> imMal 
plates, A and /i, wlin h fome ahnost in con¬ 
tact with the faces of tlie (piart/ slab. 
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from each other by this construction; each is electrically connected to one 
of the plugs. 

llund ^ has studied the effect of the mounting on the action of the quartz 
plate and finds that the size of the air cavity between the quartz and upper 
plate luts a powerful effc^ct upon the crystal oscillation. Fig. 177 shows 
how a crystal act(‘d as the air gap between it and the upper plate was 
varied. Evidently when th(^ air gap was half wave length or full wave 
length long th(‘ crystal w^is loaded so much it would not oscillate. Appar¬ 
ently when the air column was an integral number of half wave lengths 
the air was set into violent agitation and hence tended to use up so much 
pow(*r that the crystal action could not supply it. The longer the air 
gap the great(T was the ainplitud(‘ of oscillation of the quartz (except at the 
critical length). As would be exiK‘cted, tlie length of this air gap has 
much inllu(‘nc(‘ on th(‘fr(‘([U(uicy of oscilla¬ 
tion of (piartz; th(‘ air gap giv<‘s an 
elastic force and load to the (piartz plate, 
both varying with th(‘ Icaigth of gap. 
li(‘(‘ause of this etT(‘ct, an accurate' (juartz 
oscillator is alwa^'s calibrated in its 
mounting, and this is s(‘al(‘d so as to be 
non-adjustal)le aft<‘r the calibration is 
made', d'he* le'iigth of the air gap may 
be' list'd to vary slightly the' eise'illalion 
fre'eiue'ncy of the' i)lale‘, thus eleiing away 
with the lu'ce'ssity eif continue'el grineling 
eijK'rations. As sliown later, te'inpe'ra- 
ture' may l)e* useel in the same' way. 

Temperature Effects in Quartz. —The 
ve'lex’ity of sound (cnmpre'ssion anei rare'- 
faction waves) in ejuartz varie's with tem- 
|K*rature', as it eloes in practically eve'ry other senind-conducting medium. 
Hut if till' ve'locity change's the natural frequency of oscillation must 
change'; strange'ly eaiough the' e^ffe'ct is e)ppe)site in the two types of 
plate's. An .\ cut plate has a ne'gative tenqx'rature coefficient, i.e., the 
fre'eiue'ncy of eise-illation ele'crease\s as the tenq)erature rises; it amounts 
te) Ix'twe'e'ii 10 anel 20 parts pe*r millie)n per degree centigrade. The Y cut 
l)lat('s have a positive coefficient, the natural frequency rising with 
incre'asing temperature. 'Fhe I'ffect raises the natural frequency from 25 
to 100 parts jx'r million fx'r elegree centigraele. 

Lack “ has investigate'el the temperature effect for various styles of 

’ I.R.E., Aug., 102S, p. 1072. wSce also '‘Quartz Plate Mountings and Temperature 
Control for Piezo Osei 11ators,” Heaton and Lapham, I.R.E., Feb., 1932, p. 201. 

21.R.E., July, 1929, p. 112:1. 


Air gap length in wave length 



Fkj. 177.—The length of air gap 
between the face of the quartz 
disc and the metal plate B (Fig. 
170) has a pronounced effect on 
the oscillation. 
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cutting, etc. One experimenter reports that a 2700-kc. plate had a tem¬ 
perature effect of 61 cycles pQr degree at 65° C., decreasing linearly to 
4 cycles per degree at —189° C. 

Marrison ^ has ingeniously cut plates from the crystal in such a way 
that the two temperature effects nearly neutralize one another. Fig. 178 
shows his method of cutting these oscillators; from a Y cut slab is cut out, 
by a hollow drill, a life-saver-shaped piece, which oscillates along its 
thickness dimension. Whereas a solid disc, of the same dimensions as the 
outside dimensions of the ring, showed a frequency change of 30 parts per 
million per degree centigrade, the ring showed a change of only 1 part 
in a million under the same conditions. Marrison says that these ring- 
shaped pieces are good to 1 part in 100,000 even with no temperature 
control. They are mounted as shown in Fig. 179. Two brass plates 



Ring cut from iiiab 


Fig. 178.—Prof)erly cut t<)roi(lal-.shai)e<l 
pieces of quartz .show o.sciIlatif)n fre¬ 
quencies almost inde{x?n(Ient of tem¬ 
perature. 



Fio. 179.—The rini^s of quartz (Fi^. 178) 
are mountCHl in holders of the form shown 
here; the metal plates, n, w'rve as the 
electrical terminals. The quartz rin^ is 
shown in section, at d-tl. 


a, a, are held together by a core of in.sulating material, 6, and screw c. 
The ring-shaped quartz dd, the inner surface of which has b(‘en tajx'red 
from both ends to the middle', fits loost'Iy over th(' core and loosely Ix'tween 
the end plates. A ring, e, of in.sulating material, closes the ring from 
dust, etc. 

This crystal ring in its holder, mounted on a shock-absorbing support, 
is kept in a teiiifX'rature-controlled oven, which liolds its t(an|>erature at 
about 50° (J. within 0.1°. Marrison estimates that such a crystal standard 
will not vary from its mean frequency \yy more than 1 part in 10 million, 
over long piTiods of time. 

Clapp ^ ha.s given a goenl summary of the various factors acting to 
make a quartz oscillator change its frecjuency, and summarizes them as 

> I.R.E., .July, 1929, p. 1103. 

* General Radio Experimenter, Oct. and Nov., 1930. 
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follows, allowing what seems to be a reasonable variation in the factor 
considered. He assumes the circuit given in Fig. 174, using a type 112A 
triode, temperature of oven at 50° C., plate circuit condenser set at its 
lowest value to produce oscillation, filament volts 5 and plate volts 45. 
The plates were Y cut discs, not rings, like Marrison’s. 


Variable 

RanRO of 
Variation 

Frequency Change 
Parts in One 
Million 

Temperature. 

±o.vc. 

±5.0 

Plate capacity. 

±1.0% 

±1.0 

Plate voltage. 

± I 0 volt 

±0.5 

Filament volts. 

±0.1 volt 

±0.5 

V'arious tubes . 

(Average) 

±2.0 

Vibration. 

Heavy shocks 

±3.0 

Total . 


±12 0 





There is not much chance of all the variables acting in the same direc¬ 
tion at the same time; it is more likely that some will act to increase and 
others to decr(\‘use the frequency, thus making the probable change not 
more than 8 or 10 parts per million. This degree of constancy of the 
quartz oscillator is the one factor which makes it possible for the 
Federal lUidio Commission to require a station to hold to its assigned 
frequency within 50 cycles, whereas lx.‘fore 1932 a departure of 500 cycles 
was permitted. 

It is to remernlx'red that for a quartz crystal to act as shown in the 
above table no appreciable power is to be ilrawn from the electric circuit 
and the vibration of the (piartz plate is comparatively weak. If the same 
crystal is used in a 5-watt tube, and this is used to control the frequency 
of an amplifier, the vibration of the quartz will be more violent, the quartz 
will heat more, and the variation of freciuency will probably be consider¬ 
ably in excess to those given in the table. The values there given are for a 
station “ monitor,” the circuit serves merely as a comparison circuit, for 
testing station frequency by a heterodyne method. 

The Bureau of Standards uses many quart z oscillators to maintain their 
frequency standards; the manner in which they are used to check against 
each other and to check the broadcasting stations is described by Hall.' 

Hollman ~ hjis given some interesting data in the use of quartz oscillators 
in maintaining station frequency within the limits specified by the Radio 
Commission. 

»I.R.E., March, 1930, p. 490. 

* Radio Engineering, Feb., 1932, p. 15. 
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Electric Circuit Equivalent of a Quartz Disc. —A quartz disc, having 
electrode above and below it, and mounted so that it is free to oscillate, is 
apparently nothing but a small condenser; but when it is in a state of oscilla¬ 
tion the piezo-electric effect produces electric charges on the faces of the 
disc, which act something like the back voltage of an a.c. synchronous 
motor. As the impressed electric frequency is increased through that value 
which gives mechanical resonance to the quartz disc, this back voltage 
varies greatly in phase and magnitude, causing the crystal to act like a con¬ 
denser, resistance, or coil at the various fre(|uencies. It is e(iuivalent to a 
series resonant circuit and is so shown in Fig. 180. 

Lack has calculated the constants of a circuit, equivalent to a quartz 
disc 1 mm. thick and the size of a dime. Th(‘ pi('zo-(‘lectric (*ffoct (steady) 
of the quartz was such that 3000 volts (c.c.) iinpress(‘(l on the disc caused a 
^ thickness change of OXlO ^ cm. In Fig. ISO C 2 is 

the capacity of the air between the electrode's and 
the disc, (h is tlie capacity of lh(‘ fpiartz, at frequen¬ 
cies remote from that of riK'chanical resonance, the 
L C{) R circuit is the (‘(juivah'iit of tlu' pi('zo-('lectric 
effect of th(‘ vibrating ([uartz. For the disc men¬ 
tioned above, the* enpiivakait circuit has (’() = 0.0G 
Cl = 1.0 ma//, C.> = 0.0() m//, yt'=100 oiims, L = 0.5 
henry. This give's the* L (\) R circuit a ele'crememt, 
R/2fL of 10 \ which me*ans that the re'actance of 
either the' coil or conde'nse'r, at re'sonant fre'cjuency, 
is 31,000 time's the* re'sistance*! This indicate's how 
sharply re'sonant the* me'e'hanieal vibration of (juartz 
is; a very good radio circuit might have* the reactance 
300 times the resistance,so that the* me'e'hanical re'sonane'e* curve* of the piezo 
active quartz is 100 times as sharp as that of a veay good ele'ctric e'ircuit. 

Van Dyke ‘ gives a somewhat higher de*cre‘ment fora 1100-kc. disc; 
he found the equivalent circuit to have* L = 0.33 he'ury, = 0.003 and 
R = o500 ohms. Terry “ give's f(ir a slab 3.33 cm. long, 2.73 cm. wide', anel 
0.636 cm. thick: /v = 3.03 he'nrie*.-;, /e* = 9043 ohms, and C,, — 0.031 fiijf. 
From the last two sets of elata it would seem that the crystal teste'el by 
Lack was exceptionally free from friction ('ITe'Cts. 

In Fig. 181 is shown the ge'neral fonn e)f the re'actance-fre'fjue'ncy curve 
of a piezo-electrically active pie'ce of quartz. It will lx* notiex'd that within 
a narrow frequency range it actually acts like a coil, having positive 
reactance. 

The Oscillating Tube as Detector of Continuous Waves- Autodjme. 

The circuit given in Fig. 159 is generally used for exciting a tube* used 


Fig. 180.—Anelectri¬ 
cal circuit equiva¬ 
lent in action to a 
quartz o.'K’iJlator. 


‘ I.R.F.., June, 1928, p. 742. 
U.R.E., Nov., 1928, p. 1480. 
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as autodyne receiver; with no grid condenser, as shown in Fig. 182, the 
detecting efficiency of the tube is indicated by Eq. (48). The antenna 
circuit LaCa is tuned to incoming sig¬ 
nals and the circuit LjC is tuned to a 
frequency differing from this signal 
frequency by about 800 cycles per 
second, so as to give a beat note for 
which both the ear and ordinary tele¬ 
phone n'ceiver an* s(‘nsitive. 

From Imp (48) it seems that the 
more violently the tul>e is oscillating, 
then*by making as large as pos¬ 
sible, the* more sensitive will the tube 
act as (l(‘t(*ctor, and so it do(*s as long as 
n*mains constant. O'his term 
is really a measure of the 
asymm(*try of th(‘ chang(‘ in plate cur- 
r(*nt wh(*n A’,; is j)ositiv(‘ and when it is 
negative'. In oth(‘r words, it iiK'asures the excess of the increase of plate 
(•urr(*nt for j)ositiv(* over the (l(*erease for negative So long as the 
n'lation l)etw(*('n Ip and /y, is parabolic the value of is constant, 

but for this condition the tulx* resistance Rp is also constant. We have pre¬ 
viously shown, how(‘V(*r, that to mak(‘ a tube oscillate,the coupling (of what¬ 
ever kind is used) must Ik* increased beyond a certain critical value, and 

that after this value is past the 
oscillations start and automatic¬ 
ally increase in amplitude, until 
the plate resistance Rp is suffici¬ 
ent ly increased to restore a certain 
balance which w'as destroyed by 
increasing M, This change of 
n'sistaiice w’jis analyzed in dis¬ 
cussing Fig. 150. The plate cur¬ 
rent in an autodyne receiver will 
fluctuate over the straight part of 
the full-line curve of this figure if 
the value of M (between Li and 
L 2 of Fig. 182) is kept sufficiently 
low: if it is increased much 
beyond its critical value the fluc¬ 
tuation in plate current will extend over the upper and lower bends of the 
curves. 

The tube will act best as a detector of continuous-wave signals for that 




z. 



V\r,. 1S2. This is the :irran«(*mrnt gener¬ 
ally u.se<i when an o.seilladriK tube is to 
act ns (leteefor for eontiniiou.s-wave fi'iii- 
nals. 'I'he fre(jnenev of tlu* K)ral o.seilla- 
tions is fixed hy the values of Li and (\ the 
tickler coil, L, serving to make the tube oa- 
eillate. 



Tig. 181 . —Electrical characteristics of 
a piece of piezo active quartz, as 
the impres.sed electrical frequency 
pa.s.se.s through the mechanical reson¬ 
ant j)eriod of the quartz. 
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coupling of Li and L 2 (Fig. 182) which results in the greatest product 
of E'g{d^ip/deQ^). This product will generally be a maximum for the weak¬ 
est coupling which will maintain the tube in the oscillating state; such is 
nearly always found to be the case in practice. If the coupling between 
L 2 and L 3 is held constant and the coupling between Lz and L\ is dimin¬ 
ished, the signal strength will be a maximum for the weakest possible 
coupling. In carrying out this test it is necessary continually to change 
C to keep the Ix'at note of constant pitch, because of the effect of L\ on 
the value of the effective self-induction of Lj. 

Three possible conditions of the adjustment of a beat receiver are shown 
in Fig. 183. In (a) the coupling is so adjusted (tight) that the grid poten¬ 
tial, with no incoming signal, fluctuates between .1 and B; the plate cur¬ 
rent fluctuates with a frequency la^arly tlie same as that of the signal, 
between the values AG and lUf, its average value being Ol. This cur¬ 
rent 01 flows through the phones and the high-fre(]uency alternating 
component of the plate current is carrhal by the coiulenser shunting the 
phones. In case no actual condenser is used to shunt the phones this 
current will utilize the capacity of the phone cords or the distributed 
capacity of the windings to by-pass the high inductance circuit of the wind¬ 
ings themselves. 

When the signal voltage is suix^rimposed on the grid it alternately 
increases and decreases the amplitude of the grid fluctuations of poten¬ 
tial; the value of grid potential now fluctuates with variable amplitude, 
the amplitude being fixed by the limiting valu(‘s KF and DC, the fre¬ 
quency of these cycles of variation of amplitude being e(]ual to the dif¬ 
ference in frequency of E^ and E'g. 

The plate current will now lx? the fc^nn shown in the right-hand 
part of the diagram, and the average value of this high-frequency plate 
current will be as shown by the dashed line shown at K, L, M, etc., and 
it is this pulsating current which, flowing through the telephone receivers, 
gives the signal. 

In diagram ( 6 ) of Fig. 183 is shown the effect on the signal strength 
of reducing somewhat the amplitude of the locally generated oscillations 
E'g, which occurs as a result of decreasing the coupling l)etween Li and 
L 2 in Fig. 182 (dotted line of Fig. 148). Although E'^ is less than in 
diagram (a), the value of the signal current (shown again by the dashed 
line) is greater for ( 6 ) than it is for (a). 

In diagram (c) of Fig. 183 is shown the result of still further decreasing 
the value of the local oscillation E't,; it is likely that M could not Ik» suf¬ 
ficiently reduced to make the tube oscillate in this fashion without stopping 
the oscillations altogether. The signal current is, however, greater for 
this condition than for either of the two other values of E^g shown at 
(a) and (6). 
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An accurate analysis of the “ detected current ” in this case, however, 
will show it to be non-sinusoidal, a distortion effect which has some impor¬ 
tance in radio telephony. It will be discussed in that chapter of the text. 



Fia. Tliis diaj^ram shows tho effect of the stn'n^th of the local oscillations on the 

signal strength; the niidio-fi'etiuencv current throuj^h the phones, which j^ives the 
audible sij^nal, is indicated by the wavy dashed line in each diagram. In (a) the 
local oscillations are too violent to Rive a fjood signal, in (h) the signal is somewhat 
improvtHl and in (r) it is best. It is doubtful if the local oscillation could be cut 
down as much as indicateil in (r) without stopping the oscillations altogether. 
For all three diagrams the amplitude of the high-frequency signal voltivge is the 
same. 
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Use of a Separate Tube for Generating the Local Oscillations. —In 

order to use the vacuum tube lus detector most efticiently it is necessary 
to have the amplitude of tlie voltage under control, and this can best 
be done by using a separate tube for generating the voltage' E'^Jy in addition 
to the detecting tul)e. The scheme of connection is then as shown in 
Fig. 184. The local oscillations are generateel in tube /^, their fn^iuency 
being fixed approximately by L 4 , Lr>, and Ch, and intensity by the coupling 
between L 5 and Lo. This coupling should be consid(‘rably greate'r than 
the critical value, so that iis conditions in the circuit are changed the 
oscillations of tube B are not stopfKxl. 

The value of E'g impressed on the grid of the tletecting tulx^ A can 
be controlled by varying the mutual inductance Ix'tween L.j and Lj, 
either by moving the coils with res|)ect to one another or by changing 



Fio. 184.—In ordor to control easily the strength of the local oscillations inipre.ssed on 
the detecting tube it is t)est to have a .s<*par:ite oseill.ator and (‘ouple this j)ro[)erly 
to the detector, Tube .1, In this diagram 'tube li is the oseillator; it is eoupled 
to the detector by the t\<o coils Li and A|. 

the value of either of them. The value of M should be so adjusted that 
the condition obtained is that shown in Fig. 183, diagram (r). 

The antenna circuit and L 2 C 2 circuit are each tuned for the fretpiency 
of the incoming signal, and the coupling Ixdwtaui Li and Lj is adjusted 
as near the critical value as |X)ssibIe. We have sliown that the efT(‘ct 
of the coupling IxRween Lz and L\ is to fiecr(‘as<‘ tlie n'sistance of th(’ 
L2C2 circuit, and thi.s resistance may lx* mad(^ to api)roach z<*ro, if the 
coupling is suitably adjusted. Further, the LzC'z circuit can lx* exactly 
tuned for the incoming signal, so that the reactance is zero also, hence 
the impedance of the L2C2 circuit may he made to approach very close to zero^ 
80 that the current caused to flow by a weak signal may be perhaps a hundred 
or more times greater than it would be if the coupling L\ Lz were not used.^ 

* An experimental investigation of the magnification obtainable in such circuifs was 
carried out by E. H. Armstrong and reiK)rte<l in Proc. I.R.E., Vol. 5, No. 2, April, 1917. 
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The impedance of the L2C2 circuit, as a function of the impressed 
frequency, has the form shown in Fig. 185; it is evident from this curve 
that not only is the circuit of 
Fig. 184 one to amplify signal 
strength, but also that this 
amplification is v(Ty select¬ 
ive. With a low-resistance 
coil for Ij 2 and a well-insu¬ 
lated condenser, and the grid 
circuit of the tube adjusted 
to absorb l)ut littl(‘ power, 
the s(‘lectivity is extremely 
sharp. 

Effect of Condenser in 
Series with the Grid on the 
Critical Coupling. In the 

foregoing analysers of the 
conditions nvjuin'd for s(‘lf- 
excilation of tuix's no men¬ 
tion was mad(‘ of th(‘ (‘ffect 
of a condcui.ser in .seric's with 
the grid, as alTt'cting the 
possibility of oscillation. In .<ome common oscillating circuits it is 
n(*c(‘ssary to us(‘ a grid condenser to insulate the grid from a high 

positive potential; such a one is shown 
in Fig. 186. 

Tlu‘ oscillating circuit is made up 
of L with Cl and C2 in series, and the 
tube is connected to it as shown. The 
excitation for the grid is supplied by 
the drop of potential between the points 
A C and the plate voltage is fixed by 
the drop across condenser C 2 . The 
scheme of connection results in the coil 
L being at plate potential, i.e., it is 
positive with respect to the filament by 
an amount equal to Et] if the grid were 
connected directly to point C, the tube 
would at once burn out, due to exces¬ 
sive plate and grid currents. 

The grid is therefore insulated (in so 
far IIS continuous voltage is concerned) by the condenser C 3 ; a suitable 
leak resistance R serves to hold the grid at a propter average potential. 



Fio. 1 S 6 . In H circuit of this kind it 
in ncccsH.'iry to use a condenser ('3 
to insulate the ^od from the hi^h 
continuous voltage impressed on 
coil Ij by machine Eh- 



Tic. 1S5 By properly adjusting the coupling of 
coiLs Li and L.. of J'ig. 184 (keeping the coupling 
too low to i)roduce oscillation.s in L 2 -C 2 ) the 
re.si.stance of the circuit Lz C-z may be made 
to ap{)roach ztTo. This curve shows how the 
imp«‘<l.ance of the Lj (': circuit will then vary 
with frequency of impressed signal. 
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The excitation impressed on the grid is now not equal to the potential 
drop between points A -Cy but somewhat less than this due to the drop 
across the condenser Cs] moreover, due to the absence of the leak path 
across C 3 and the presence of such a leak across the grid-filament circuit, 
the phase of the voltage impressed on the grid is not the same as that 
of the voltage across condenser Ci. 

The effect of the drop across C3 is to require a higher drop across 
A~C than would otherwise be required; if it should happim that the 
capacity of C 3 is equal to tlie capacity of the input circuit of the tube, then 
Cl must be made only one-half as large as it would otherwise have to be. 

Effect of Oscillations on the Magnitude of the Plate Current.—If 
an oscillatory circuit has a condenser in series with the grid, the average 
value of the plate current will always decrease after oscillations are set up; 
this is due to accumulation of electrons on jthe grid forcing its average 
potential more negative when oscillations start, causing an accompanying 
decrease in the plate current, d'his effect is shown by the decrease in 
the reading of a c.c. meter in staies with the plate. 

However, careful observation will gcaica-ally show that the plate current, 
as indicated by a c.c. meter, will momentarily increase just as oscillations 
start, and then as the oscillations jxTsist the plate curnmt will decrease 
and go to a value lower than it has when the tulx' is in th(^ non-oscillatory 
state. This momentary increase (which generally lasts only a fraction of 
a second) is particularly noticeable if the grid condenser is compara¬ 
tively large. 

As was mentioned when analyzing the detector action of a triode with 
grid condenser there are two rectifying actions taking place in the triode, 
which actions have opposite effects oii the average' value of the plate cur¬ 
rent. Due to the concave shape ()f the Ay curv(* the fluctuations of 
grid |x>tential tend to increa^se the ava*rag(* valu(‘ of plate' curn'nt, whereas 
the accumulation of electrons on the grid (<hi(‘ to the* concave form of the 
curve) tends to decrea.se the av<*rage value of plate* current. 

But it takes an appre*ciable time te) charge the griel ce)ndenser and eluring 
this time the incren.se tendency may pre*dominate. I'he large'r the grid 
condenser the longer it takes to accumulate its charge and the more pro¬ 
nounced the alxive-mentioned effect In^comes. 

When the oscillating circuit is such that no grid condenser is required 
and none is used, the reading of the c.c. meter in the plate circuit will 
generally increfise when o.scillations start, the increase l)eing more the 
greater the excitation of the grid. This statement is not universally true; 
it is possible to so adjust the conditions that when oscillations start the 
average value of the plate current stays the same, or even decreases. This 
effect can be noted if, with all other conditions constant, the filament 
current is varied throughout a sufficient range of values; with high fila- 
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merit current, the plate current will increase when oscillations start, and 
with low filament current it will decrease. The case is similar to the action 
of the tube as a detector, without grid condenser as described in p. 534 
et seq.; it is there shown that the effect of an incoming signal may be to 
either increase or decrease the average value of the plate current. 

Criterions of the Oscillating Condition of a Detecting Tube. —In the 
case of a power tube the oscillatory condition is indicated by the meters 
used either in the grid circuit, plate circuit, or oscillating circuit. In the 
case of a small tube used for the detection of continuous-wave signals 
there are generally no meters in the circuit to indicate oscillations; it is, 
however, extremely important that the operator should know at all 
times whether or not his tube circuit is oscillating, because if it is not oscil¬ 
lating he cannot possibly hear the signal for which he is listening. The only 
method of testing for oscillations in the ordinary continuous-wave detecting 
set is to properly interpret the noises in the telephone receivers; to an 
experienced operator they serve as well as do the meters on a power set. 

When no condenser is used in series with the grid it is very easy to 
tell when the tube is oscillating and when not; when grid condenser is 
used the determination is not so easy. There are two methods of testing 
for oscillations; firsts by making the coupling of the tickler coil (or other 
type of coupling) so weak that the circuit is not generating oscillations 
and then gradually increasing the coupling past the critical value, listen¬ 
ing for the characteristic noise which occurs when the critical coupling 
is exceeded and, .woad, by properly interpreting the noises heard in the 
receivers when the grid terminal is grounded by putting the thumb or 
one finger, on the negative end of the filament circuit and touching the 
grid terminal with another finger. These two schemes may be called the 
coupling teM and finger ie.st. 

As has been notcal above when a tulx' circuit starts to oscillate the plate 
cummt practically always changes its average value, generally increas¬ 
ing wlien no grid condenser is used. The change in the plate current 
is not extremely rapid because, with the critical value of coupling, it takes 
many cycles before the steady state is reached; the result of the slow 
change in plate current is to produce a peculiarly soft quality of click 
in the receiver.^ This noise resembles, perhaps more than anything else, 
the plucking of a loose violin string and, when once noted, is very 
easy to recognize. 

In the case of no grid condenser this coupling test is very reliable 
and easy to make. If grid condenser is used the distinctness of this pluck¬ 
ing sound is by no means as pronounced as is the case for no grid con- 

1 When listening for this noise the coupling must not be incre^ised too slowly; with 
a very slow increase in the coupling the noise is so soft that it may not l>e heard at all. 
When first listening for this noise the tickler coupling should be changed quite rapidly. 
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denser; for some values of capacity and leak resistance it is almost impos¬ 
sible to hear it at all, even though the critical coupling is known and 
especial care is used in listening.^ 

In the case of no grid condenser the finger test gives very distinct 
indication of the oscillating condition; with the moistened thumb placed 
on a filament connection (binding post) a finger is touched to tlie grid 
connection of the tube, thus grounding the grid to an extent sufficient 
to stop oscillations.- The cessation of oscillations is accompanied by 
a sharp click in the receivers and when the finger is removed from the grid 
connection the starting of oscillations, with accompanying change in plate 
current, is indicated by another click, generally less distinct than the first. 
For coupling of the tickler coil considerably in excess of the critical value, 
the two clicks (starting and stopping oscillations) are of about the same 
intensity. 

With grid condenser and leak the finger test does not give reliable 
results, except to the experienced operator; even with no oscillations 
two clicks are heard when the finger is touched to the grid coniuTtion and 
w'hen it is removed therefrom. With the tubi" not oscillating the grid is 
practically always positive, with respect to the potential of the negative 
end of the filament; when the grid is grounded by the finger, thus suddenly 
bringing it to the same potential as the filament,'^ a suddcui change occurs in 
the plate current with resultant click in the receiver; when th(‘ finger is 
removed the grid at once resumes its normal positive pot(*ntial and .so 
again gives a change in plate current and click in the phonics. As has 
been previously noted, when grid condenser is u.sed the grid leak resis¬ 
tance is best connected by the positive end of the filament; such has been 
assumed in statements just made. 

The same two clicks are observed if the tube is oscillating, and there is 
not much difference between the clicks in the two cases, iiiis is (‘specially 
true if the grid condenser is small and electron supply in th(‘ vicinity of 
the grid plentiful; if, for example, with an ordinary det(‘cting tube th(* 
grid condenser is 100 gg/ (a commonly used v^alue) and filament tf'injKT- 
ature normal, even a good operator may not distinguisli any difT(‘renc(‘ 
in the clicks for the oscillatory and non-o.scillatory condition. 

^ The difltinctnesft of the noi«c do[)end8 ufxm the r:i[)idity of ch.'inj^e in plate enrr(*nt; 
if a largo condenscT i.s used it chargow slowly and hence the change in plate current is 
fikiw, with corrosfxjnding indistinctness in the wnind in the telephones, 

* On most receiving sets it will Ik* found that, even though the grid conru^rfion 
directly at the tube i.s not accessible, some screw or binding |)<j.st cininccUMi to the grid, 
is available. 

* It may possibly happen that when the tube is oscillating the average potential of 
the grid is the same as the negative end of the filament; in this case no change in the 
average value of the jjate current occurs when the grid is touched and so no noise is 
heard in the phones. 
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If, however, the grid condenser is much larger, say 5000 pi/z/ or larger, 
then^ is a marked difference to be noticed; with oscillations the two clicks 
have nearly the same intensity, but with no oscillations the click heard 
upon nanoving the finger from the grid connection is much softer than 
the one heard when making contact with the grid. When the tube is 
not oscillating it takes an appreciable time to charge the grid condenser 
to its normal potential and the accompanying change in plate current 
is slow, thus giving a weak sound; the larger the grid condenser and the 
lower the filament temperature, the longer will this charging time be and 
correspondingly weaker is the click in the receivers. 

The uncertainty of the finger test, in the circuit employing grid con¬ 
denser, disappears, however, if, instead of touching the grid side of the grid 
condenser the other side of this condenser is touched with the finger. This 
si(l(‘ of the grid condenser (the one not connected to the grid) has the same 
average potential as tlie filament, because it is connected to the filament 
through the inductance of the tuned input circuit. Hence with no oscil¬ 
lations the potential conditions of the circuit are not disturbed when the 
cond(‘nser plate and filament are connected by the hand—they are already 
at the same average potential. With oscillations, however, the oscillations 
ar(‘ stop{)C‘d by the finger so that the plate current is changed and a click is 
heard. 

From this it is seen that, with a grid condenser, by applying the finger 
test to the non-grid side of the condenser the test shows up the condition 
of the circuit in the same way as though no condenser was used. 

The tests for the oscillating condition can then be summarized as follow's: 

Coupling Test.— Xo Grid Condefuser .—Distinct sound (plucking string) 
w’hen critical coupling is exceeded. 

With Grid ('ondcnscr .—The click occurring when critical coupling is 
('xceeded is not distinct esjx'cially w'hen the grid condenser is large (several 
milliniicrofards) and the filament temperature subnormal. 

Finger Test.— Xo Grid Condenser .—Two distinct clicks when tube 
is oscillating and iu)ne at all when tube is not oscillating. 

Grid ('ondrtiser. —'Fwo distinct clicks of nearly equal intensity 
if tube is oscillating; if tube is not oscillating the click upon touching the 
grid connection is mon^ pronounced than that when releasing the grid, 
the distinction being more pronounced with larger grid condensers. In 
case the non-grid side of the grid condenser is touched, instead of the 
grid side, the test is very reliable; no click at all if the tube is not oscillat¬ 
ing, and a click if the tube is oscillating. 

Peculiarities of Adjustment of Oscillating Detectors. —When first 
wa)rking with oscillating detectors certain apparent discrepancies will be 
encountered. Thus if the tuned grid circuit uses one of the coils of a loose 
coupler and the other coil of the coupler, or a section of it, is used for the 
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tickler coil, it may be found that when the coils are separated, oscillations 
occur, no matter which way the tickler coil is connected in the plate circuit. 
It may also be found that oscillations occur when the coils are quite widely 
separated and that as the coils are brought nearer together the oscillations 
cease, an apparent contradiction to the analysis previously given. 

With the coils arranged as shown in Fig. 187, it is apparent that the 
magnetic coupling of L\ and L 2 is weak, but it may well be that the two 
coils of the coupler permit enough electrostatic coupling of the plate 
and grid circuits to produce oscillations, and this even if the connection 
of Li is reversed. Now if the sense of the magnetic coupling of L\ and 
L 2 is incorrect for producing oscillations, the electrostatic coupling of the 
two circuits will be neutralized as the two coils are brought closer together, 
and when they get close enough, the coupling due to both effects will be 
less than the critical value and so oscillations will stop. In case the 
tickler coil consists of only a few concentrated turns this effect will not 
be noticed. 

When the coupling of plate and grid circuits is accomplished by rotating 
one coil inside the other, it will often be found that setting the coils 



Fig. 187.—If an ordinary coupler is used in makinji^ tests 
for oscillations some peculiar results may he obtained. 


at right angles to 
one another, which 
of course makes 
M == 0, will not stop 
oscillations and that 
the coils must be ro¬ 
tated considerably 
past the 90° point Ije- 
fore the oscillations 


stop. This is because of the electrostatic coupling introduced by the 
proximity of the two coils; enough reversed magnetic coupling must be 
introduced so that the total coupling, inductive plus capacitive, is less 
than the critical value for the circuit. This effect is mentioned, and 
analyzed on p. 610 et seq. 

Peculiar Noises Occurring in an Oscillating Detector Circuit. —If 

the oscillating detector circuit has no condenser in series with the grid 
its behavior is very r(*gular, but if a grid condenser is used all sorts of 
queer noises may be heard in the phones, unless the adjustment is care¬ 
fully carried out. The noise may vary from a series of regular “ clicks,^’ 
separated from each other by 8<weral sf‘conds, to a high shrill signal; on 
carrying out further adjustments, the note may l)ecome so high as to be 
inaudible, so that the operator hfis no convenient way of telling that the 
action of the tube is irregular and that readjustment is required. 

The condition practically always occurs os a result of too tight coupling 
of the tickler coil, too high a resistance for the grid leak, or a combination 
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of both. The noise is due to the starting and stopping of oscillations, the 
musical pitch having nothing to do with the frequency of oscillation, but 
being fixed by the rapidity with which one group of oscillations follows the 
next. 

The oscillations start, thus charging the grid condenser and reducing 
the mean potential of the grid and so changing the Rp of the tube; but 
the condition for oscillation for the circuit given in Eq. (116) depends upon 
Rp, and it is evident from inspection of this equation that if Rp in¬ 
creases, the value of M required for oscillation is increased. In Fig. 
188 is shown the relation Ix'tween Ep and Ip, for two values of 
the curve OA is for Eoi, = 0, and the curve DB is for Eoo at some negative 
value. The slope of this curv(? serves as a measure of Rp, the value 
of Rp Ixiing actually given by the cotangent of the slope, when the 
scales for Ep and Ip are the same; if 
not the same, the value of Rp obtained 
by measurement in the curve must be 
multiplied by the ratio of the “ volts 
per inch of this graph to the am¬ 
peres per inch.^’ 

Let us supposci that when oscil¬ 
lations start the normal potential 
of the grid is zero, the plate voltage 
Ix'ing given by OC, Fig. 188; the 
value of Rp is then tan <t>, and M 
is adjusted to such a value that 
oscillations start. The grid is then 
forced negative so that the Ep Ip 
curve changes from 0.1 to 1 )1^, 
thus increasing the value of Rp 
to tan </)', and so increasing the 
coupling requirement, as given by Eq. (116), that the value of 
M is not sufficient to maintain oscillations, the circuit then stops 
oscillating. 

During the oscillations, however, the grid condenser has become 
charged, and before oscillations can again start the charge must leak off 
sufficiently to bring the plate current from CB to CA, Fig. 188, The 
time required is fixed by the magnitude of the charge on the condenser 
and the time constant of the grid-condenser, grid-leak circuit. The adjust¬ 
ment might ho such, for example, that 90 per cent of the charge in the 

condenser must \mk off before oscillations again start. If (l-rHc) is 
to l)e 0.90, we must have t/RC = 2.8; if t hen C = 500 mm/ and ft = 2 megohms, 
we have < = 2.3X510“’^^X2X = 0.0023 second. The starting and 
stopping of oscillations in the circuit would then occur about 500 times 



Fk;. 18S.—When oscillations start, in 
a (‘irruit usin^ a condenser in series 
with the grid, the })late-current curve 
may change from 0.1 to DB, due to 
the decrca.se in average potential of 
the grid, when oscillations start. 
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a second and a musical note of 500 vibrations a second would be heard 
in the telephone receivers. 

If the leak resistance is greater in value, or the condenser of greater 
capacity, the note will be of lower pitch, and it will be higher if either 
the leak resistance or capacity is decreased. When the terminals of the 
vacuum tube are well insulated from one another and no ext(*rnal grid 
leak resistance is used, it is possible to so adjust a tube circuit that the 
interval between successive groups of oscillations is a minute or more, 
thus producing a series of clicks in the telephone receivers separated from 
each other by that interval of time. 

The pitch of these disturbing noises may be practically always sent 
beyond the audible limit by lightly touching the grid connection and 
filament connection of the oscillating tube; if the finger and thuinb making 
the connection are pres.sed down too tightly th(^ leak resistance' will be 
lowered to such an extent that the tube will stop oscillating altogc'ther. 
The pitch of the note may Ik' varied by chtinging eithf'i* tht' plati' voltag(' 
or filament current, both of these having influence' on Rp and thus on the 
critical value of the coupling A/; they also affect to some' exte'iit the grid 
leak resistance. 

The squealing noise will ne'arly always be produce'd if, aft('r the' proper 
value of M has Ix'en obtaine'd for a certain .setting of the' tuning condense'r 
C (Fig. 159) the capacity of this ce)nelen.ser is much <le*creased. De'creasing 
C increase's a; and sej, according to lai. (Ilf)), makes a lowe'r value' of M 
pemii.ssible; with the' ordinary de*tecting-tube' cire'uit, having grid con¬ 
denser, it is practically always ne*c(‘ssary to use' the' lowe'st value' e)f M 
compatible with the requireme*nts of lOep (116) if ste*ady oscillations are* 
to be produce'd. A value of M much gre*ater than this will not only cut 
down the sensitivene^ss of the tulx; as a de'tector, but is always like'ly te) 
produce noi.ses. 

In general if the tuning conden.se*r is decrease*d whe'n the* tube* is giving 
off a se|ueal, the pitch e)f the* squeal is diminishe'd. This is due* to the* fact 
that with dewe^ase'd C the excc'.ss of M ove*r its critical value* is incre'ase*d. 
This means that when the oscillations start, th(*y start with more* viole'iice', 
produce larger oscillatory currents in the L (.! circuit which of course* 
take correspemdingly longer to die out, after the* triode* has ce*a.s('d to 
maintain the o.scillation (due to increa.se'd Rp). The'se* gr(*ate*r o.scillatory 
currents result in a greate*r ne'gative charge building U{) on the* griel and 
this, e^f course takers corre^spondingly long(*r to le'ak e)ff. Hence the*re* are 
fewer groups of e)scillations per second and the note is lowe're'd. 

Use of Regenerative Circuit for Spark Reception. A tulw' circuit 
arranged with tickler^’ or other form of coupling for the detection of 
continuous-wave signals is also adapted for the reception of spark, or 
damped-wave, signals; with the antenna circuit and the local circuit (L 2 -C 



AMOUNT OF AMPLIFICATION BY REGENERATION 


647 


of Fig. 182) tuned accurately to the incoming signal the tickler coupling 
can be increased to a value slightly less than that required for producing 
oscillations. The intensity of the signal, by using a suitable value of 
coupling, can be increased hundreds of times over the value it would 
have if no tickler coupling were used. 

It has been shown that the effect of the coupling is to reduce the 
resistance of th(' L> C circuit to a very low value (Fig. 185) so that a 
certain e.m.f. impressed on this circuit, from the antenna circuit, will 
produce a current p(*rhaps 100 times as great as would normally be the 
case. Fhe change in the plat(‘ current (which gives the signal in the 
phones) is proportional to th(‘ scpian^ 
of the voltag(‘ impressed on the grid, 
as given in Kq. (24), and so will in¬ 
crease greatly as the rc'sistancc' of the 
Ijy C circuit is made' to approach zero 
by suitai)le ticklcT eoui)ling. If e.g., 
the actual resistance of L 2 (' is 10 
ohms and l)y nutans of tickler coupling 
the (‘ff(‘ctive r(‘sistanc(‘ is r(‘(luc(‘d to 
0.1 ohm, the ctUTcnt in (' is in- 
crea.stal 100 tinH‘s, the* voltag(‘ im- 
pr(‘ssed on the grid is incr(‘as(‘d 100 
times, and th(‘ signal current, A/;, is 
incr(*!\s(‘d 10* tinu s. 

The ('ff(‘ct on thi' signal strength 
as tlie mutual inductanc(‘ b(Uw(*en L] 
and Ly (Fig- 4J^2) varies is shown in 
Fig. 1<S9; as M is increased tlie signal 
int(‘nsity rapidly increases, retaining its 
normal musical (piality, tmtil such a 
couj)ling is n'achetl, 0.1, that oscilla¬ 
tions start, 'riie resulting noise in tlie 
telephone^ wIkui the tuh(‘ is o.<cillating, is of “ scratchy " quality l>eing 
caused by a kind of beat plienomenon between continuous waves 
locally geiK'rated and th(‘ incoming damped waves; as the phase re¬ 
lations Ix'tween the successive wave trains and the continuous oscilla¬ 
tions of the tub(' are of liajihazard values, and as the amplitude of the 
spark signals is variable throughout each wave train, the resulting vari¬ 
ation in amplitude of the plate current is of very irregular character, thus 
producing the scratchy note for couplings indicated by the dotted line 
in Fig. 189. 

Amount of Amplification by Regeneration. —The amount of amplifica¬ 
tion available before the triode starts to oscillate has been investigated by 



Fir,. 1S9.—If the tickler coil is used 
when roeeivini; spark signals (of 
sufficiently low decremonl) th? 
.signal will increase ver}' rapulb^ 
tickler inere.nseil until this 
passe.s its critical value; the tube 
.starts to oscillate and then the 
signal, although very loud, loses 
its characteristic musical note and 
liecomes “mushy” in quality. 
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van der Pol,^ who shows that weak signals may be amplified much more than 
strong ones. He uses the term ‘^grid saturation volts,” to indicate the 
change in grid voltage necessary to bring the plate current from zero to 
saturation value, Vo^ to mean the grid volts with no regeneration, and Vg^ 
to mean the grid volts with critical regeneration, and shows that 

ft-©".»« 

Using a certain detector tube, and a receiving circuit having a ratio 
c^L/R of 40, he assumes various signal strengths induced in the grid circuit, 
calculates the grid volts with and without regeneration, and finds: 


Signal 

Induced in Grid 
Circuit 

\’«>lts acri'^s 
Grid With Xo 
Regeneration 

Volta across Grid 
With Oitical 
Regeneratioti 

\'i)ltage Ainjilifi- 
catioii Due to 
Regeneration 

10'« 

4X10- 

0 31 

7700 

1()-' 

4X10-* 

0 00 ! 

ITiOO 

10 

4X10 * 

1 4 

300 

10-’ 

4x10-2 

I 3 1 1 

i 77 

10“- ! 

4X10-, 

0.0 1 

j 

1 10 


Regenerative Circuit for Short-wave Spark Reception. —For short-wave 
reception, say less than 400 meters, probably the most satisfactory tyjx' 
of circuit is one which uses no other coupling betwc*en the grid and 
plate circuits than that due to the capacity coupling in the tube itself. 
In this scheme the ^Mickler” coil of Fig. 1S2 is replaced by a small 
variometer, not coupled magnetically to the C circuit at all; the 
required amount of inductance in this variometer varies with the wave 
length, type of tube, etc., but is geiKTally l(\ss than 1 millihenry. It is 
best to add in the Lz C circuit another variometcu* about the same tus 
that used in the plat(* circuit, thus making it possible^ to tune the closed 
circuit with very small value of C. 

The L 2 -C circuit is carefully tuned to the incoming signal and the re¬ 
generative action is brought to its maximum p('rmi.ssible value by suitably 
adjusting the variometer in the plate circuit. As the plate inductance 
is increased, a slight further adjustment of the closed tuned circuit is 
generally required in order to get maximum sensitiveness. 

Behavior of a Regenerative Receiver Regarding Sound of Signal, 
etc. —There are many interesting phenomena connected with the adjust¬ 
ments of this regenerative circuit other than thosf^ already mentioned. 
When M is mmlc jud great enough to produce oscillations (slightly greater 

‘ I.R.E., Feb., 1020, p. 330. 
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than OAj Fig. 189) the detecting efficiency of the circuit is greatly increased, 
so much so that spark signals so weak as to be entirely inaudible with tickler 
coupling just less than the critical value become quite loud when oscilla¬ 
tions start. In this case the listening operator gets no clue to the identity 
of the sending station from the spark note because the signal is inaudible 
until the tube is oscillating, and then the distinctive spark note is not 
present. 

If such a weak signal is coming in and the closed circuit is properly tuned 
to it (with tickler coupling about equal to its critical value), a peculiar 
effect is produced by the adjustment of the antenna circuit. With this 
circuit much detuned of course the signal is inaudible; as the antenna 
loading coil, or similar adjustment, is increased, the signal becomes audible 
with a scratchy quality (tube supposedly oscillating); as this adjustment 
is continued the signal increases in intensity until at a certain value of 
loading it disappears completely; on continuing the adjustment, however, 
the signal reapix^ars at a certain point and gradually decreases as the 
adjustment is further carried out. Upon investigation it will be found 
that this narrow region where the signal is inaudible is caused by the 
cessation of oscillations in the tube circuit. The antenna circuit introduces 
a resistance effect into the oscillating tube circuit which varies with the 
relative tuning of the two, being a maximum when the antenna and 
closed circuit are tuned alike; hence a tickler coupling which is just 
sufficient to cause oscillations with an antenna somewhat mistimed is 
insufficient for the tuned condition. A quantitative idea of this change 
of resistance of the oscillating circuit, due to variation in antenna tuning 
is given in Fig. 12.‘I, Chapter I. 

For the best reception of the signal the adjustment of the antenna 
should l)e set at the midpoint of the .silent region and the tickler coupling 
increased just sufficient to produce o.scillations for this condition. 

In cas<' a (‘oiil in»i()iis-wave signal is being received, the following effect of 
the antenna tuning on the reactance of the oscillating circuit maj' be noted. 
With antenna and clo.sed circuit normally adjusted, a certain note is heard 
in the telephone; this note may l)e observed to vary over a considerable 
range as the tuning of the antenna is changed, ihe varialio 7 i in note being 
caufted by (he change in Ihe effeetire inductance in Ihe closed oscillating circuit 
by the reaction of the antenna. 'I'he amount of change in note obtainable 
depends upon the coupling lad ween antenna and closed circuit; some idea 
of its injignitude may bt' had by insf>ection of Fig. 123, Chapter I. 

ICquation.s (108) and (109), p. 125, |iermit quantitative prediction of the 
amount of change in resistance and reactance of the oscillating circuit, as 
affected by the antenna circuit. 

The foregoing idesis in regeneration have been presented from a very 
elementary viewpoint. B'or those especially interested in this phase of 
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the triode behavior we refer to an excellent article dealing with the ques¬ 
tion in a more exact fashion, by Landon and Jarvis.‘ 

Operation of Power Tubes in Parallel for Greater Power Output.— 
Vacuum-tube generators or converters operate very well in parallel, 
remaining synchronized automatically;- the proper division of the load 
may be most easily accomplished by variation of the filament currents. 
All filaments may be liglited in parallel from the same source, but each 
filament should have its own rheostat; it is also best to have an ammet(*r 
in series with eacli plate and grkl. A suitable connection scheme is shown 
in Fig. 190; the same scheme of connection can b(' used for any number 
of tubes. 

The adjustments of the circuit must of course be changed as more 
tubes are put into operation, because the (‘ffective resistance of the load 
must equal the plate-circuit resistance of the battery of tubes for maxi¬ 
mum output, and the combined tube-circuit resistance varies inversely 
as the number in operation. 



The voltage requii^d for the filament of the ordinary pt>w(‘r tulte is 
about twenty; it is limited by the faet that too much pow(*r must not 
be used in the filament circuit, yet the filanuuit eurrtait must lx* fairly 
large tecause the plate current must not be mon* than about lo jxt cent 
of the filament current, and this plat<* curr(*nt must lx* a considerable 
fraction of an ampere* or more* unle*ss excessively high voltage's are* u.se*d. 

^ “Analy.sis f)f Re'^enerativo Amplifiration,” Pror. I.R.E., \'ol. 1.3, No. 0, Dex*., IU25 

* An intc*rf*stinji^ (Icxrionstration of thr inhonxit torMlcofy of tut)o rirriiit.s to syn¬ 
chronize with earh other is easily ol)taine<l. If a .small powfT tube is set into oscillation 
in the laboratory and an aubxlyne deteetor eireuit in the s;inie room is iis<‘d for listen¬ 
ing, it will Ix* found that aa the beat note is deereascxl from high value there will be 
a certain lowest audible note obtainable. Thus fx*rhaps the d(‘teetor adj\istment is 
such as to give a beat note of 200; ufxm attemf)ting to bring this (hdector more nearly 
into synchronism with the power tulx^, lowering the beat note, this note will completely 
disappear, and it will seem as though the autrxlyne had stopfx'd oscillating, but it will 
I)e found that the lx*at note has dimpfx^ared Ix»eaus<! the detector tube* has pulled into 
synchronutn with the power tulx». The closer the two circuits are together the higher 
will be the lowest beat note obtainable. 
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As the ordinary electrical power supply is 110 volts, it might seem 
that if tubes are to operates in a group several filaments might be con¬ 
nected in series, thus saving in power consumption; thus five 20-volt 
filaments might be operat(‘d on a 110-volt line and still leave enough volt¬ 
age for a control rheost;M . But s}irh a connection of filaments is impos¬ 
sible. d'he filament curnmt of each tube would differ from that of the 
next one in series by an amount (‘(jual to the plate current of that tube 
as shown in Fig. 191. If (^aeli plat(‘ current is 0.3 ampere, the currents in 
the filament circuit would bt^ as shown, but such a condition is impossible 
because a filament which will .safely carry 4.0 amperes (tube A) w^ould have 
practically no electron (‘mission with current less than 3.40 amperes, so 
that tubes C and I) of th(‘ seri(‘s would be dead in so far as electron cur¬ 
rent is concerned; the jdate current of each of the.se tubes would be 
iK^arly z(‘ro in.st(‘ad of 0.3 amper(‘ as shown. When oscillations start, 



11)1. - It i.s im{)c>.s.sil)l(‘ t<> work in par.ilh'l, with their filaments in series, 

because of the ^^reatly (lifTi'rent fil.ainent currents resulting: in the different tubes. 

the maximum value of plate curnmt of tube .4 would be about 0.8 ampere, 
thus nuult'ring even tube B more or less iiielTetnive. 

Use of a Separate Exciter for a Group of Tubes.—It is generally not 
possible to g(d as much iiowt'r from a stdf-excitiMl tube as from a separately 
excittnl one, and the adjustment for such a condition is critical; if it is 
u.s(*d, th(‘ tube may stop oscillating wlu’ii a .flight drop in plate voltage 
or filament curnait occurs. This is a dangerous condithm, because unless 
the ojK'rator notic(\s at once that the tube is not o.scillating the plates 
will rapidly Ix'comc' overhc'ated and the tube perhaps .spoik'd. To avoid 
this conting(‘n(\v a .'^(’j)arate exciting tube inay^ be used, this tube furnish¬ 
ing only (uiough powcT to operate its own circuit and supply the losses 
in the grid circuits of the group of power tubes. Such a scheme is shown 
in Fig. 102; the exciter tube A is adjusted with tight coupling between 
L 2 iind Liy so that it oscillates under any condition which may occur, and 
the powder tul)es iV, iV, etc., are each excited by a common connection 
to tube A. By adjustment of the condenst'rs Ci-C-j, etc., the output of 
each power tube may be controlled, this control being in addition to that 
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afforded by the filament current. The frequency of the exciter circuit 
must of course be that required for resonance in the load circuit of these 
power tubes. 

In case the individual control of the excitation is not desired a common 
adjustable condenser may be inserted in the exciter lead where indicated 
by the dotted lines at A'; this condenser should have a reactance about 
equal to the impedance of the combined input circuits of the power 
tubes. 

In the early radio-telephone experiments the transmitter consisted of 
hundreds of tubes all operatinjj; in parallel. With the advent of the water- 
cooled tube, however, the necessity and advisability of such an arrange¬ 
ment disappeared. At the present time not more than two triodes in 
parallel are advisable and preferably only one is used. The water-cooled 



Fig. 192.—When many tui>e.s are to ofjerafe in parallel it is generally hest to excite them 
from a separate tube A, seif-oscillating, controlling the amount of excitation by 
condensers, C 1 -C 2 , etc. 


triode, of any capacity up to 100 kw. or more, is perfectly feasible and 
practicable, so the neces.sity of parallel oi)erati()n dcK's not exist. 

Another scheme for u.sing an exciter tulx^ for nuiintaining the power 
tube in oscillation is shown in Fig. 193. In this case the exciter tube 
is not a self-exciting unit, but operates in conjunction with the power 
tube; the frequency of output is determined entirely by the Ij~C circuit 
of the power tul)e. 

The amount of excitation furnished to the grid of the exciter tube 
depends upon the relative magnitudes of C2 and C 3 ; ordinarily C3 should 
be many times as great as C 2 . The value of the resistance H may vary 
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widely, a suitable value being equal to the resistance of the plate-filament 
circuit of the exciter tube. 

This arrangement is a very useful one if it is desired to vary the fre¬ 
quency of the output circuit over a wide range; in a typical case the fre¬ 
quency of the output circuit was varied (by changing L and C) from 500 
to 300,000 cycles per second without changing the adjustment of the 
exciter tube and a wider range could have been covered without any other 
adjustments than those of L and C, had it been so desired. 

Power Required for Excitation.—From the characteristics of triodes 
already analyzed it is evident that, if the grid is always maintained at a 
potential more negative than the cathode, practically no grid current 
will flow, and of course, if no grid current flows no power is used in the 
grid circuit. Of course the circuit used to impress the voltage on the grid 
may be carrying current and so use power, but the grid itself will use 
none. 

Now to get much power from a triode used as an oscillator, or ampli¬ 
fier, it is necessary to use such excitation on the grid that for a short part 



Fig. lOS.- 'A schomo for usiii)!; an untuned exciter tube; this scheme is a good one if the 
set is to o.sciIlate with very wide variations in the values of L and C. 


of the cycle the grid swings positive with respect to the cathode, and of 
course it will then draw current. This current, made up of electrons 
leaving the cathode and impinging on the grid, represents power; all the 
kinetic energy which the electrons gain in falling from the cathode to the 
grid is given up as heat on the grid. It frequently happens that this 
current has to flow through a resistance of some sort, to return to the 
cathode, and more powder is used up here. 

Spitzer' has analyzed and mciisured the amount of power used on the 
grid itself, for various types of power tubes; the measurements were made 

‘ I.R.E., June, 1929, p. 986. 
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with a suitable wattmeter. Some of his results are tabulated below, the 
amount of grid excitation, grid bias, grid power, etc., being given for full 
rated output of the tube. 
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He finds for each tube a r(‘lation betw(‘en power h)st on the grid, and 
the grid current as n'ad on a c.o. ammeter, as follows: 

Watts loss = .l/,‘ ->‘ (120) 

in which I. is the grid current in milliampen^s and A is a constant as 
shown in the table above*. A vari(*s from 0.02 to 0.10 for various tulH's 
of a kilowatt or less capacity. 

It can lx* .^een from the* above table* that a trioele* n‘e[uire's an excitatie>n 
loss (for full pow(*r output) of fre)m o to 15 p(‘r cent its rating. Whe‘n the 


o = C )==0 

7 ,S watt CO :’ZV watt 

amphfuT am|>lirit‘r 

Fig. 194. Schema fie di.ii^ram f)f train of fiihes retjiiired for a er\st;d-controlle'd 5Kw. 

traiLMHiitter. 

power used in the* tune‘el plate circuit of the* (*xciter (circuit C of Eig. 
192) i.s add(*d to that lost on the griel of the excite‘el tube* the* total is se*lelom 
less than 10 p<*r cent of the* output rating of the* e*xcite*d tube*, d'his 
means that to excite a 50-watt tulx* a 5-to 10-watt tube is requireel; to 
excite a 250-watt tulx* a 50-watt tulif? i.s re*(|uire*el, e*tc. 

Thus a cry.stal-controlled 5-kw. transrnitt<*r might use* a train of tulK*s 
about as shown in Fig. 194. The 7.5-w'att tulx* would lx* neutralized* 
to prevent a variation of its output from re*acting on the* crystal oscillator. 
One of the tulx^s wall have a pot<*ntiometer fe*e*d from its plate circuit 
* »See T). lOlf) fur explanation of neiitraliz.od triude*. 
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to the grid circuit of the following tube, for controlling the output of the 
5-kw. tube. 

Special Arrangement of Triode. —In a special form of three-electrode 
tul)e, apparently first advocated by A. W. Hull and called by him the dy- 
natron, the phenomenon of secondary emission is utilized. If an electron 
traveling at high speed collides with a metallic surface, the giving up of 
its energy at the surface is likely to “ jar other electrons out of the metal 
at the point where the collision occurs; the emission of the electrons from 
this surface, caused })y the c(dli<ling electron, Ls called secondary emission. 
The number of electrons emitted depends upon the speed of the colliding 
electron; it may be noiu* at all and may b(‘ as much as a dozen or more. 

d'he s|KMal with which the impinging (‘kaMron must strike the metallic 
surface to g(‘t secondary emission dt'pends gn^atly upon the condition of 
the surfac(‘. Thus tungst(‘n willi a chain surface reijuires the speed given 
to an electron by th(‘ fall through ISO volts difTerence 
of potential Ix'fore another electron is splashed out 
but if tlien' is a layer of gas covea'ing the tungsten 
(adsorb(‘d) s(‘condary (*I(‘Ctrons may appiair when there 
is only volts difference of potential between the 
filament and plate. 

Ordinarily, thes(‘ (d(‘ctrons, due to s(‘condary emis¬ 
sion, will at onc(‘ namter the surface from which they 
have bei'ii (unitted, ImU, if xhvro happens to be in the 
vicinity of tin* surfa(a‘ an (‘l(a*trod(‘ of higher potmitial, 
th(‘se secondarily (Miiittc'd ek‘clrons will not naaiter the 
surface* from wliicli tluw came* init will go to the higher 
I)otential (’lectro(k‘, thus causing ('l(‘ctron current away 
from the surface to wliich tin* first (‘ka*tron is traveling. 

The number of ( kaUrons taking part in this reversed current depends 
upon th(‘ numl)('r caused by tlie sia'ondary emission and upon the poten¬ 
tial of till* surface attracting tliem. Supi>ose the arrangement of elec¬ 
trodes as givmi in Fig. Itlo; the grid is at higlu'r potential than the plate 
and so attracts most of the (‘k'ctrons caused by the normal thermal 
emission from filanu'iit I\ Ilow(W(‘r, some of these electrons will go 
through the inti'rstici's of (I and impinge on I\ causing secondary emis¬ 
sion where they strike. As (i is at higher potential than P, the electrons 
due to secondary (‘mission an* likely to go to (r instead of reentering P. 

If the pot(‘ntial of (I is h(‘ld (‘onstant (cmdact B remaining fixed) and 
the potential of 7^ is gradually increascal fnun zero by moving contact A 
to the right, the various hapi)(‘nings will be about as shown in Fig. 196, 
(kirve 0 A shows the electron current to P due to emission from P; 
curve ()~B shows the amount of secondary emission from P, due to elec¬ 
trons of current OA ; curve C shows the fractional part of the secondary 


Fig. 195.—Connec¬ 
tion of a three- 
rode tube to 
get the character¬ 
istics of thedyna¬ 
tron. 
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emission which is attracted to G; curve 0~D shows the electron current 
away from P due to secondary emission, and curve OEFGII shows the 
actual electron current to P, all of these curves being plotted for increas¬ 
ing plate potential. 

The peculiarity of that part of the curve from E to G is the basis of 
action of the dynatron; an increasing plate potential results in a de^crease 
in plate current, in other words, an a.e. test of the resistance of the 

plate-filament circuit in 



this region of operation 
would show a negative 
n‘sis(ance. 

Tlh (lyn.atron has 
thus practically the same 
charact (Tist ics as an 


F n p 



u 


Fio. 190.--Curve’s of v^ririous curront.s ocnirririK in I'k}. 107. Connoction of 

the operation of the <Jv natron. Of course only thi* f}ireeH‘lectr(i<l(’ tube iis a 
actual current, OEFG, i.s normally mea.surable. dynafron. 


ordinary three-(*lectro(le tulK* with the regencTativc* connection of plate 
and grid circuits, and it may be uscai for similar purposes. 

The current curve of Fig. 196, U’twi’en points E and G, can l>e (‘xpr(‘ssed 
by the equation 

i .(121) 

r 

where i = plate current; 

io = value of plate current obtained by projecting the curve GEE 
back to r = 0 as shown in Fig. 196; 
r = internal resistance of the tiilx', determin(‘d from the slope of 
the GFE curve. 
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Transposing the terms of Eq. (121) we have 

v = r{u) — i). 


If the voltage of the batl(*ry B (Fig. 197) is E and drop across the 
resistance li is E, then 


Then 


E 


V+v = Hi+r{i()~i) = ili — r)i+ru) = 


{R-r)V 

r 


En’o. 




( 122 ) 



As R — r may i)e made small, it is (‘vident that a small increase in Ey the 
voltage us(‘(l in the* plat(‘ circuit, may result in a much larger change in 
the voltag(‘ drof) across R. It has been possible to regulate the tube so 
that an increase of I volt in E 
has result(‘d in a change* of the 
potential dilTerence across R of 
100 volts, thus giving a voltage 
amplification of 100 tinus. 

The dynatron may be* use'd 
as reg(‘nerativ(‘ detector, oscil- 



Fig. ins. ( 4 )niic<tions of the plio- 
ilvnal ron. 


-r.o-jo-„u--o-:o o20+30 +io+:o+co+:ci +.'0 +^<0+100 
Grid potential 

Fi( 3. 199. Dynatron characteristics in an ordi¬ 
nary t(‘Icphone rej)eater tube. 


lating detector of continuous waves, or as a generator of a.c. power 
just as ctin the ordinary three-edectrode tube; it is not evident, how¬ 
ever, that it has tiny advantage over the three-electrode tube as ordinarily 
used. 

It is possibU* to use the secondtiry emission effect, that is, the dynatron 
principle, and add a normal control grid as well. The ordinary screen grid 
tetrode is such a tub(', and by operating it in a region where the plate 
current decreases as the plate voltage increases (i.e., in the region of 
f7p= 15-40 volts of Fig. 284, p. 689) the dynatron characteristics may be 
obtained in addition to the action of the normal control grid. Such a con¬ 
nection of a screen grid tul)e is shown in Fig, 198; this scheme is frequently 
used as a source of known adjustable frequency. The frequency of oscilla- 
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tion of the L-C circuit is more independent of changes in tube parameters 
(filament current, grid bias, etc.) than any of the other oscillating circuits 
shown in the previous sections. By using a carefully calibrated L-C cir¬ 
cuit, the device may be 
used as a laboratory fre- 
(piency standard, good to 
niiieh b(‘tterthan 1 percent. 

The sfK'cial forms of 
plate current curve for the 
dynatron given in Fig. 196, 
may l)(‘ diiplicat(*d to some 
(‘XU'iit by any threeH‘lec- 
trode tul)e; in Figs. 199, 
200, and 201 are shown the 
curves grid curnuit of an 
ordinary l(‘l(‘phone amplify¬ 
ing tul>(‘ operated outsiilc 
its normal range*. This tulx^ 
normally operates with a 
n(‘gativ(‘ grid, but by car- 
r>ing the grid through sufhci(‘ntly high positive* potentials the form of its 
current is made to resemble that of the* dynatron very (dosedy. The tube^ 
was not pum|x*d to as high a vacuum as are* the* dynatron anel [)liotron, 
so that the*re was more* gas 
presemt in this ttib*, but the* 
regularity e>f the* curves anel 
the fact that the*y cejukl be* 
duplicate*el a.s many time\s 
as desire'd .<hows that how¬ 
ever much ga.s thf‘r(; was 
present, it was probably 
playing a mine)r role in the 
action of the tulx*. 

Detailed Study of the 
Three-electrode Tube as a 
Power Converter.- d'he 
foregoing analysers of the 
conditions for oscillation of 
a three-electrode tul)e have 
all been ba.sed on the as.sumption that the j)late current in the oscil¬ 
latory condition could l>e sufficiently wf*ll n‘|)n*s<Mited by a constant 
current with a sine-wave current sup<Timpos<Ml, and on this basis we 
have shown that the theoretical maximum output of the tube was one- 



Criil 

Fiu. 201. I>yn}itron rhjirnotpriHticH in an ordinary 
t<*li phorH' ri*|K*atiT tiitx*. 



GriJ potential 

Fig. 200.—D>'natron charactcri.stir.s in an ordinary 
telephone refK*ater tube. 
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half of the input; the fact was also mentioned that the conditions demanded 
for this efficiency of 50 per cent could not be realized, so that we were 
forced to conclude that th(i maximum efficiency of a tube generator was 
about 40 per cent. 

The author with the assistance of Mr. 11. Trap Friis carried out a 
detailed study of the tube giauTator for both s<"parate and self-excitation,^ 
and it was found that the effici(‘ncy might b(‘come very much higher 
when the proper adjustrruaits wen* mad(‘; part of the results of this study 
will be given h(*r(‘, as th(‘y show exactly how a tub(* functions. The nota¬ 
tion use<l in this analysis is sonu'what difTenmt from that used so far 
b(‘cause the previous symbols art* not applicablt*. The plate current can¬ 
not be r(‘presented by sin co/, as has been previously assumed; 

it consists of a s(‘ries (»f puls(*s st) that an infinite s(*ries of sine terms would 



Im* retiuinal to n*|)r(*sent the alternating comi)onent. The plate voltage 
also does not have (‘xactly a sinusoidal variation. We theivfore n'pn'sent 
the instantaiu'ous value of the actual plati* voltage by e^, grid voltage 
by plat(* current by grid curn'iit by (‘tc., instead of ivpresenting 
(*ach by a constant plus a sine t(‘rm. 

Oscillograms w(‘n* taken to show the various quantities entering into 
the ofx^ration of tin* tuln* and circuit, the fre(ju(‘ncy of the alternating 
ctirrent b('ing Ix'twiM'n 100 and 200 cych's; later the circuit constants 
wen' diminished sufficiently to raise tlu* freipiency to 100,000 cycles, to 
show that the results obtained at the lower fre(]uency (which allowed 
accurate oscillographic nx'ords to be obtained) were valid at radio fre¬ 
quencies. 

‘ ProcecHiings of A.I.E.E., Vol. 38, No. 10, Oct., 1919. 
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The first effect studied was the change in form of Cp and ip as the 
excitation of the grid was increased, ii ing a s(‘parately (‘xcited circuit as 
indicated in Fig, 202. The reactance' of C\ was 02 ohms and of Li was 
8700 ohms; the value of H was 1000 ohms and the resistance of Li was 
190 ohms. The jjl of the tube usenl was 3.9. 

With comparatively low values of AV and a record was taken of 
Cp, and ?p, and is given in Fig. 203; it is set'ii that the fluctuations 
in €p and ip were nearly sinusoidal so that tlu' results of tlu' prt'vioiis analysis 
w’ould hold good for this condition. Upon incn'asing e.j to si.x times 
its value the forms of Cp and ip an' made' to ditha* widt'ly from sine forms, 
however, as shown in Fig. 204. 



Pig. 203. - Nearly fiinu.«v)i<lal variations in [ind i\, for low excitatioiK 

/6~0.25, Ec~ 120, Efj ~50, Proque'ue’y l-tOi E KXM), f' Is. t rnicr<»fara<ls. 

An interesting {Kiint is shown by the film; the' value' of U used wjus 
1000 ohms and this is the value which gives, for this tul)e*, maximum out¬ 
put for low value's of Ay, as shown in Fig. 12H. 4'his value* 1000 ohms 
must therefe>re l)e the* tuls' re'sistance' U,, fe)r the low value' e)f 1\. But 
with large excitation use»d in Fig. 2(H the* plate' curre'ut e'vide'utly fluctuated 
as much as pe>ssible (from zero to saturation curre'ut) and the fluctuation 
in Cp is IctHs than half of A\, indicating that U sheadel 1 h' me>re' than eloubled 
if maximum output is to be obtaim'd from the' tube, 'rids it will Ix' ri'memi- 
bered has been predicted as nece.ssary wh(*n ip fluctuates iK'twfX'n zero and 
saturation current, and Cp fluctuates l)et ween the limiting values of zero and 
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2 Eoj,. With a resistance load of the kind shown in Fig. 202 it is evident 
that such a wide variation in the value of is impos.sible; the load cir¬ 
cuit must contain inductance! ami capacity to cause to fluctuate so 
widely. This point is taken up later on in this section. 



FlO. 204. Distortions orcurrinu with higher griil eNoit.'dion.s. £'p=900, /),=0.34, 
A’, I'Jtl, /••„ ;«)(),/ I4t», /C IIHK), (■ - 1S.4 mL 

If It is still further reduced the distortion in and will apjx'ar with 
much lower values of Ky, iti Fig. 20.'> is shown a record for a value of 
A’, of 100 volts with H only 100 ohms, 'rhe fluctuation in is now hardly 
noticeable although ip fluctuates, with distorted fonn, from zero to satura- 
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tion current as before. The current taken by the grid in Figs. 203 and 
205 was zero; in Fig. 204 the grid swings positive 300 volts so we might 
expect a large grid current, but it is shown to be small. This is due to 
the fact that the plate is at rather high potential (650 volts) during the 
time the grid is positive, so that but few electrons go to the grid. 

Fig. 204 shows also the fluctuation of /^; in spite of the large induc¬ 
tance L\ (which was 10 henries) there is con.sulerable variation in //,. This 
must of course always be the case; the value of Li diu/dl must at any 
instant be equal to the difYerence between Et, and e^. 

In Fig. 206 are shown the curves of ip, and for two values of 
/?, all other conditions being the same; it may be seen that the amount 



Fig. 205.—W4h low-load rircuit rrsist.-inro distortion.^ ornir for ovrn low-^rid <*\cit/ition, 
Eb==90(), /6 -0.34, Kr - 120, I(K),/ I 10, H 100, r’ - is 4 W‘. 

of distortion in ip is reduced as the valu(‘ of E is increa.^(‘d. In getting 
these two films the valu(‘ of was kefit con; t;int, with t}i(‘ n*sult that 
a larger percentage of the gencTated alternating current of the tulK' went 
through thi.s path, with tla* higher value of Rj inst(‘ad of through the load 
circuit, C\~li. 

Attempts were then made to .see what adjustiruaits of the tulx' and 
associated circuits gave Ix^st efficiency; the im[)ortance of high efficiency 
will be at once appreciated when it is mentioned that a giv(‘n tulx* (the 
one used in these' tests) has an output of about 2(K) watts in normal ojH'r- 
ation whereas if the (‘fficiency could Ihj raised to 90 p(*r cent, the safe out¬ 
put would increase to 2250 watts. 

The test.s carried out involved an adjustment with separate excitation 
to find the conditions for maximum output and then transferring the grid 
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connection to a proper point of the circuit to get self-cxcitation, recording 
for each condition tlie forms and phases of currents and e.m.f.s. The 
tests were run at low frecpiency so that oscillograph records might be ob¬ 
tained; the results obtain(‘d were duplicated later in a high-frequency run. 

Fig. 207 shows the circuit used; simpler ones may ]ye used, but the 
laboratory apparatus at hand was best suited to this one. The diagram 
also shows wh(‘n‘ tlu^ oscillogniph vibrators were introduced and the 
direction of currents assumed as positive; if, on a film, a current is shown 



I'lO. Showing; cfTi'rt of load msistnnco on forms of voltapo and current, other con- 

(litions (’(Misfaiit. I'or hoth films Ki, E, 120, E,,—1(X), ,and f -ltO. For 

hdt-hand film 1 1 . 0 20r», R KHH). For otlicr, /n 0.272, /r-2010. 


l)elow its z<‘ro line, it was flowing in the op|>osite direction to that shown 
in the diagram. If the frecimaicy of the exciting voltage, is chosen 
the same as the resonant fretjiu'iicv of the load circuit 
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the impedance of this circuit between the two points M and iV, where 
the tube is attached, will be resistive only, its magnitude being equal to 
l/o)'^CrR ohms. This is calculated by the method given in Chapter I, 

p. 95. 

The quantities to be considered are shown conventionally in their 
proper phases in Fig. 208; the current ^i, which flows in the resonant 
load circuit, may be several times as large as the current i, furnished by 
the tube. The two important things in this diagram are shown in the 
lower part of the figure, namely, the curves of Cpip and Cpi. These curves 



Fig. 207.—Connection of the power tube to <a tuned output circuit, showing where oscil¬ 
lograph vibrators were introduced and directions of current assumed as positive 
(above zero line in oscillograms). 


give the power loss on tlie plate and the power supplied by the tube to the 
load circuit, respectively. It is at once evident that 


Energy loss on plate per cycle 



epipdt — Area A. 


Energy supplied to load circuit per cycle = 



Cpidt = Area C — Area B, 


It is evidently desirable to make the latter as large as possible and the 
former as small as possible, if the tube circuit is to operate efficiently. 
Any ordinary scheme of analysis, using the relation given in Eq. (7), 
p. 513, must fail because the relation does not hold good for those values of 
Cp and eyy which are the most important ones in the cycle of operation, 
namely, low ep with positive and very high values of Cp with large 
negative Cg. 

The ordinary so-called static characteristics of the tube used are given 



DETAILED STUDY OF THREE-ELECTRODE TUBE 


665 


in Fig. 209; they are not of much service 
in predicting the behavior of the tube 
when the output is forced as high as pos¬ 
sible. They did bring out the fact, how¬ 
ever, that the filament ammeter, if a c.c. 
instrument, does not read correctly the 
filament current when the tube is gen¬ 
erating a.c. power. The ammeter indi¬ 
cated 3.65 amperes when getting the 
curves of Fig. 209 and the total emission 
for such a current is evidently about 0.5 
ampere. Now when the tube was oscil¬ 
lating, the filament ammeter reading 3.65 
amperes, the total emission was about 
0.8 ampere, showing that the filament 
temperature was much hotter than wlum 
not oscillating. Holding the voltage 
across the filament constant (approxi¬ 
mately the condition when the tube is 
oscillating) the set of curves given in 
Fig. 210 was obtained. The grid was 
held at a positive potential of 100 volts 
and the plate voltage suitably varied. 
The electron current to the plate in¬ 
creases the filament current at one end 
and decreases it at the other; the relative 
values of increase and decrease will be 
determined largely by the n'sistance used 
in series with the filament battery. It 
can be seen that even with the larger 
filament current as great as 3.75 amperes 
the emission was only 0.5 ampere. 

From some preliminary oscillograph 
records we knew that in operation the 
total emission was about 0.8 ampere 




Fia. 208.—Showing the important variables to be studied in determining tube efficiency. 
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when the hlament ammeter read 3.65 amperes. A brief test showed that 
the filament current required to give this much emission was 4.00 am¬ 
peres, but this seemed like an excessive current at which to carry out a 
test, so the characteristics were obtained by extrapolation. In Fig. 211 
is shown a set of curves showing the variation of plate and grid currents 
for various filament currents, and grid and plate potentials, they being 
extrapolated for the higher filament currents. From this set of curves 
the results given in Fig. 212 were obtained; as these are important 
curves they were verified for correctness of form by actually getting them 
for a lower filament current. These are given in Fig. 213 and are of 


just the same form as those of 
Fig. 212. 

It is well to point out here that 
even if it had been possible to 
get the curves of Fig. 212 with a 



Fig. 209.—Static charactcri.stics of (he triocle 
used in making test.s. 



Fig. 210.—This .sot of ourvos shows how the 
hlarnont current changed as the plate volt¬ 
age wa.s increas(‘d; <iven with 3.75 amperes 
in that end of th(‘ filament carrying the larger 
current the emission was only 0.5 ampere, 
whereas when oscillating this same tube gave 
an emis.sion of 0.8 ampere with an indicated 
filament current of only 3.05 amperes. 


filament current of 4.00 amperes they would not have given the 
proper values of ij, and ig for the tube in operation. While getting 
these static characteristics the plate and grid get very hot, much 
hotter than when the tube is in operation as a generator. The 
emission from the filament is fixed by the filament temperature, and 
this in turn is fixed by the filament current and the temperature of 
the plate; if this is hotter when getting the static characteristics 
than when the tube is generating, the values of z,, and ig obtained 
would probably be too large. By the use of an oscillograph it would 
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Fig. 211.—Plate currents and grid currents of the tube for various ^nd and plate vol¬ 
tages, filament cm rent being varied. 


have be(Mi possible to actually 
tained in Fig. 212 by extrapo¬ 
lation.^ 

The curves of Fig. 212, in 
connection with Fig. 208 en¬ 
able us to at once givt^ the 
mininiiun potential to which 
the plate should drop and the 
maximum positive potential 
for the grid. In order to make 
the area A (Fig. 208) small, the 
plate potential, at time 7 r/ 2 , 
should be as low as possible. 
This minimum will be con¬ 
trolled, however, by the other 
requirement that the area C 
should be large. If, during 
the time when Cp is low, i], 
does not have its maximum 
possible value (saturation cur¬ 
rent), then the positive altcr- 
* Such use of the oscillograph is 
Eng. Bulletin No. 30, Dec. 1, 1924. 


measure the quantities which are ob- 



Fig. 212.—Grid and plate currents for various 
fixed grid potentials and variable plate volt¬ 
age, filament current at 4.0 ampeivs; these 
curves were obtained by extra-polation in 
Fig. 211. The niimbem noted on the indi¬ 
vidual curves signify the grid potential (posi¬ 
tive), the lower set of curves being grid 
current and upper set plate current, 
described by Kalin in the Univ. of Washington, 
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Fig. 213.—As the curves of Fig, 212 are important, and they were o})taincd by extra¬ 
polation, they were verified for correctness of form by picking off from l^'ig. 211 a 
similar set of curves for a filament current of 3,05 ain])ere.s; evidently these curves 
are of the same form as those of Fig. 212. 



Fig. 214.—In this figure various forms of plate current have been assumed and (plate 
voltage remaining fixed in shape) the resulting efficienci(\s cak^ulated. 


,j/« 


/« 


Efficiency = 35^/^ 
4f = 20 

EflSciency = 59% 


{ I^fficicncy = 


Cpidt = 


= 31 


pidt—2S 
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41 = 1 


Efficiency = 77% 


j 

47% 

J'epid« = 23 
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nation of i will not be as large as it should be and if this is not large the 
power input to the load circuit, determined principally by the area of C, 
will be lower than its proper value. 

As the average value of i must be zero, if its positive loop is to be as 
large as possible, and the area of A to be kept as small as possible, the 
conditions should evidently be so adjusted that, at minimum plate poten¬ 
tial, saturation current should flow, 
and this flow should last for a 
short time only. During the rest 
of the cycle the plate current 
should be zero. 

Fig, 214 shows the calculated 
losses on the plate and input to 
the load circuit for four different 
forms of plate current, the plate 
voltage having the same form for 
each. It will be seen that both 
the losses and the output of th(‘ 
tube are greatest for the sinusoidal 
plate current, but the efficiency 
for this condition is only 35 per 
cent; as the form of plate current 
approaches a short pulse the effici¬ 
ency increases, being 77 p(*r cent 
for the form shown in curve (r/). 

The trapezoidal form shown at 
(c) resembles very closely tlu' form 
generally employed; our test actu¬ 
ally gave about 60 per cent effici¬ 
ency for a plate current of this 
form. 

All four curves are drawn 
with the maximum plate current 
the same, supposedly the satu¬ 
ration current for the filament 
current used; by carrying out 
other constructions it will be 

evident that any other condition would result in poorer operation. 

By now referring to Figs. 208 and 212 it may be seen that for the tube 
we were using the plate potential should not fall lower than 200 volts, 
and that this time the grid should have a positive potential of 150 volts. 
With greater or less grid potential, the plate potential being 200 volts, 
the plate current would be less than saturation value; with less plate 



Fig. 215. 


€ pi pdt -- 


f Cpidt = 34.5 
Efficiency = 70% 

19 \cpidi= 71.5 

Efficiency = 79% 
Assuming a fixed form of plate current, 
and fixed minimum of plate potential, it 
is seen that the efficiency rises as the 
voltagi' {El) used in the plate circuit is 
increased. 
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potential, the current (at time 7r/2, Fig. 208), would be less than saturation 
value, and with greater voltage than 200 volts the loss on the? plate would 
be greater than necessary. 

It is to be noted that the efficiency will increase for all the cases given 
in Fig. 214, if the voltage of the power supply, Eb^ is increased, providing 
that conditions are suitably changed to have the same minimum plate 
voltage as given in Fig. 214. This is shown by Fig. 215; the two cases 
given suppose the same form of plate current and same minimum value 
of plate voltage, but in the second the voltage Eu is about twice as large 
as in the first case. It is seen that the loss on the plate is increased only 



Fig. 216.—Tho tube used in the tests did not have a constant value for m; theoretically 
a negative potential of *260 volts should have reduced the platen current to zero. 
This tube would have required about 1000 volts (negative) on the ^rid to (‘ornpletely 
cut off the plate cairrent. The m of this triode was variable f)ecause of the irregular 
spacing of the grid wires, a construction feature intentionally incorporated in the 
present type ’35 tubes. 

25 per cent whereas the input to the load circuit has been more than 
doubled. The higher the value of Eh the higher is th(^ efficiency, the limit 
being fixed only by the safe voltage for the tube. 

In the tube we used the efficiency did not rise as high as might be 
expected, due to the fact that it took excessively high negative potential 
on the grid to bring the plate current to zero. The oscillograms showed 
this effect, so a static characteristic curve was taken to investigate this 
point; it is shown in Fig. 216. If Eq. (7) were valid for this tube, a neg¬ 
ative potential of 260 volts would have brought the plate current to zero, 
whereas it took about 1000 volts; although the plate current is small 
with a grid negative more than 300 volts this small current has a marked 
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effect on loss of power on the plate, because of the very high plate voltage 
during that part of the cycle when this small current is flowing to the 
plate. 

Effect of Secondary Emission in High-voltage Tubes. —It was men¬ 
tioned when discussing the dynatron that if an electron impinges on a 
metallic surface with sufficient velocity some electrons will be splashed 
out of the metal, and that if another electrode, charged highly positive, 
is near by, these secondary emission electrons will leave the plate from 
which they have been splashed and flow to the neighboring electrode. The 
electrode from which they come will of course be left positively charged 
unless other electrons can flow in to replace those lost. 



Fig. 217. —Efficiency curves plotted from Table I; the values of positive grid potential 
for maximum efficiency in each run is calculated and recorded. This agrees well 
with the predicted ‘‘best grid potential.” 

In high-powered triodes, using thousands of volts on the plate, the grid 
is very likely to be bombarded with sufficient energy to experience much 
secondary emission, the electrons splashed off from the grid at once flow¬ 
ing to the highly charged plate. Now, if electrons cannot readily flow on 
to the grid to replace these lost the grid assumes a positive potential. 
Such may well be the case if a circuit arrangement is employed which 
utilizes grid condenser and leak. The leak may impede the flow of elec¬ 
trons on to the grid to such an extent that the grid becomes positively 
charged; this will correspondingly neutralize the space charge, and very 
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likely increase the plate current to such an extent that the triode is ruined 
by excessive heat of the plate. 

The effect, it will be noticed, is cumulative. More secondary emission 
means a more positively charged grid, with correspondingly higher plate 
current and thus more vigorous bombardment of the grid. But this 
increased bombardment means more secondary emission, etc. Thus if 
the grid of a high-powered tube starts to swing positive, as a result of the 
actions analyzed above, the triode is sure to be ruined unless the plate 
voltage is immediately lowered. 

In high-power triodes it is advisable, therefore, to use a sufficiently low- 

__ resistance grid leak or 

still better, use some 
other scheme than a grid 
gQ condenser to get the req- 

/ uisite negative bias. 

/ __Experimental Proof of 

/ Foregoing Theory. —To 

o / test the validity of the 

1 4u I — ideas presented in the 

S f foregoing analysis of the 

_I__triode converter action a 

series of runs were made 
with the tube, using the 
20 r circuit given in Fig. 207 

I and the results therefrom 

__J __1_^__ are shown in Table 1. 

The frequency was kept 
' at the resonant value for 

200 400 voiu the output circuit and 

each time a set of read- 
Fig. 218. —From the results given in Table II the Yvas taken the value 

efficiency curve shows that maxirnum efficiency ^ ^ j 

occurs for minimum plate potential of 160 volts, . . , 

the proper value predicted from Fig. 212. maintain the cuircnt 

in the oscillating circuit 
constant. This was necessary in order to keep the form of the voltage 
ep constant as the values of Be and Eg were varied. While it was not 
thus pointed out in discussing the current forms of Figs. 214 and 215, 
the values of Be and Eg are the factors which bring about the change of 
current form as the form of Cp is maintained constant. The form of 
current shown in (a) Fig. 214 was obtained with relatively low Be and 
Egj the value of each of these being increased for the succeeding dia¬ 
grams of the figure. 

In Fig. 217 are shown the efficiency curves for the various runs of 
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TABLE I 


J?i,= 1000 volts. C| = 2 mP. = >^=140. ii = 9.8//. //=3.65Amp. 


Ec 

Volts 

E, 

EfTcctive 

Volts 

Input 

Watts 

h 

Effective 

Amperes 

li Ohms 

Output 

Watts 

Output 
Input 
Per Cent 

120 

220 

334 

0.98 

149 

143 

42.8 

150 

220 

298 

1.00 

149 

149 

50.0 

180 

220 

214 

1.02 

119 

124 

61.5 

210 

220 

186 

1.00 

89 

89 

47.8 

250 

220 

119 

0.96 

42 

39 

32.8 

150 

200 

302 

1.00 

149 

149 

49.3 

180 

200 

273 

1.03 

149 

158 

58.0 

210 

200 

241 

0.99 

149 

149 

60.5 

240 

200 

197 

0.99 

119 

117 

59.5 

270 

200 

161 

0.96 

89 

82 

51.0 

150 

300 

302 

1.00 

149 

149 

49.3 

180 

3(X) 

283 

1.02 

149 

155 

54.8 

210 

3(X) 

261 

1.02 

149 

155 

60.0 

240 

300 

246 

1 00 

149 

149 

60.8 

270 

300 

212 

0 98 

134 

129 

60.8 

180 

340 

201 

1.01 

149 

152 

52.3 

210 

340 

278 

1.03 

149 

158 

56.8 

240 

340 

2(>5 

1 04 

149 

161 

60.8 

270 

340 

244 

1 01 

149 

152 

62.4 

300 

340 

229 

0 99 

149 

146 

63.8 

330 

340 

180 

0.99 

119 

117 

63.0 

270 

400 

2()0 

1.02 

149 

155 

59.7 

300 

4(K) 

250 

1 03 

149 

158 

66.3 

330 

400 

235 

1.02 

149 

155 

66.0 

300 

4(X) 

222 

1.00 

149 

149 

67 3 

390 

400 

197 

0 96 

134 

124 

63.0 

420 

400 

150 

1.02 

89 

93 

61.8 

450 

400 

120 

0.98 

74 

71 

56.3 

410 

400 

228 

1.02 

149 

155 

68.0 

420 

500 

245 

1.05 

149 

164 

67.0 

450 

500 

237 

1.04 

149 

161 

68.0 

480 

500 

222 

1.01 

149 

152 

68.6 

510 

500 

195 

1.04 

119 

129 

66.2 

540 

600 

176 

1.02 

104 

108 

61.5 

570 

500 

157 

1.04 

89 

96 

61.2 



674 VACUUM TUBES AND THEIR OPERATION [Chap. VI 

Table I, and on the curve sheet are given the calculated values of the 
maximum positive grid potential for that condition in each run which 
gave maximum efficiency, as indicated at a, 6, c, d, etc. For the com¬ 
paratively low value of current in the oscillating circuit which obtained 
during these tests the form of plate voltage is somewhat different from 
a sine wave, and the variation of best grid potential may have been due 
to this cause. The increase in efficiency with increase of Eg and Ec is 
as would be expected from the analysis given for Fig. 214. 

A series of runs was then carried out (results given in Table II) to study 
the effect of varying the value of the minimum plate voltage, other con¬ 
ditions remaining the same; this was accomplished by varying thus 
cutting down the value of the oscillating current and hence the variation 
of voltage across the condenser Ci, Fig. 207. The variation of potential 

TABLE II 


1000 volts. ('i-'WnnF ^ - I'AH. Li-d.HII. //-3.65 amp. 


Run 

rp 

Min. 

N'olts 

Ec 

Volt.s 

Ec 

EfTcotivo 

\olts 

Input 

Watt.s 

1 

/_> 

EfTertivp 

Amps. 

1 

H 

( )hmH 

Output 

- 

Watts 

Output, 

T) ^ 

Input 
I’er Cer>t 

A 

30 

270 

300 

134 

1.12 

37 

40 5 

34 7 


100 

270 

300 

179 

1 10 

.S5 

103 

57 5 


100 

270 

300 

204 

1 02 

117 

122 

59.8 


250 

270 

300 

217 

0 91 

149 

123 

50 8 

B 

490 

270 ! 

1 

300 

255 

0 00 

297 

107 

42 0 


across this condenser, it will be noticed, is what controls the fluctuation 
of plate voltage. 

The value of minimum plate voltage can be calculated by subtracting 
from Eb the resistance drop through Li (which was very small for most 
of our tests) and from this subtracting the maximum value of the alter¬ 
nating potential drop across Ci. These calculations were made and the 
results are shown in the curve of Fig. 218; the results verify, better than 
might be expected, the conclusions reached from theory. With the 
exception of the first value of Cp (min.) the calculated values agreed with 
the values measured from the films; the value of 30 was o})tained by meas¬ 
urement of the film, the calculated value not agreeing very well. 

For various of the runs given in Table I oscillograms were taken; for 
conditions of run A the curves of Cp, c,,, and ip are given in Fig. 219. From 
this film, as for the succeeding ones, the first thing to be noticed is that the 
grid voltage and plate voltage are just 180° out of phase, showing that 
the load circuit was resistive only. The maximum positive potential 
of the grid measures on the film 296 volts and the corresponding value of 
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plate potential measures 220 volts. By reference to the curves of Fig. 
212 it may be seen that for these respective voltages a large part of the 
electron current is drawn to the grid, resulting in the peculiar double 
humped curve of plate current. The maximum negative grid potential 
was 650 volts, but even this was not sufficient to make the plate current 
zero. It s values follow, as exactly as can 1x3 measured, the values given 
by the curve of Fig. 216. 

For run B a set of oscillograms was taken to show all of the quantities 
involved in the operation of the tube; it required five oscillograph records 
to g(3t all the quantities wanted. These five films were combined to make 



Fia. 219.—Oscilloj^mm for conditions of Run A —Table I; evidently the minimum 

plate potential is too low. 

the record shown in Fig. 220; in fitting the various films together care 
was taken to see that they had their proper respective phases. The 
white line drawn vertically through all the records gives a line of 
equiphase. 

This set of curves gives the complete story of the circuit and tube. 
The plate current is very nearly the form shown in Fig. 215, and the plate 
potential is nearly of the form shown in condition (a) of the same figure. 
The slight depression in the peak value ip is due to the grid taking some 
current, this depression coinciding in time with the peak of grid current. 
The form of the positive alternation of the i curve is not like those pre¬ 
viously given, owing to the fact that it has been assumed that Ib was con- 
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stant whereas it actually had considerable fluctuation, as shown in the 
record. If the coil used for L\ had more inductance, this variation in 
Ih would be diminished; we had only 10 henries with a resistance of 189 
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C 2 because of the uneven distribution of the upper harmonic currents 
which go to make up the form of i, A glance at Fig. 207 will show that cur¬ 
rent i can divide, one path being directly through Ci and the other through 
R\f C 2 , and L in series. The fundamental component of i will divide essen¬ 
tially equally between these two paths because, for the fundamental 
frequency, their reactances are equal in magnitude and the effect of resis¬ 
tance compared to reactance is negligible. 

For the upper harmonics the two paths do not offer equal reactances, 
however. Thus for the second harmonic the reactance of the C 2 -L branch 
is seven times that of the Ci branch and for the third harmonic it is seven¬ 
teen times as much. So the current through C 2 -L will be nearly a pure 
sine wave and that through C\ will have all the distortion which the irregu¬ 
lar form of i causes. 

The grid current has just the form and magnitude predictable from 
Fig. 212; the amount of current taken by the grid in this test and the 
values of Eg and used, caused a loss of power on the grid (due to bom¬ 
bardment) of about 10 watts. 

The two filament currents, ij and i'fy have forms which might be pre¬ 
dicted from curves similar to those given in Fig. 210; in that end of the 
filament carrying the larger current the c.c. ammeter measuring the 
current indicated only 3.65 amperes, whereas the current actually went 
as high as 3.99 amperes when the plate was taking its maximum current. 
The exact amount of emission from the filament when the tube is acting 
as a generator cannot be predicted from the static characteristic; the tem¬ 
perature distribution in the filament which exists in the oscillating condi¬ 
tion of the tube cannot be duplicated in a static test, and it is this tem¬ 
perature distribution which determines the total emission. 

The drop across the condenser C 2 was taken to see whether or not it 
had the right magnitude and phase to serve for excitation of the grid when 
the tube was run self-exciting; the value of C 2 had been adjusted with 
this point in mind. 

The scheme of getting the efficiency indicated in Figs. ?14 and 215 was 
tried on this record of c,,, i,,, and ?, the power curves of C;,?,, and e^i being 
shown in Fig. 220; the value obtained, 59 per cent, agrees within the pre¬ 
cision of the test with that measured by the meters in the test. The 
value of 63.8 per cent given in Table I was the value obtained when 
the oscillograph circuits were not connected, the closing of the circuits 
changed the conditions enough to drop the efficiency to 59.5 per cent. 

Fig. 221 shows the form of which is predicted from Fig. 212 after 
the forms and magnitudes of e,, and Cg have been assumed; this form of 
ip is very close to the actual form given in the oscillogram of Fig. 220. 

The result of our tests and analysis have then shown that the effi¬ 
ciency of a tube as a converter can be accurately predicted from the three 
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sets of curves given in Figs. 209, 212, and 216 after we have determined, 
from the curves of Fig. 212, what the best minimum plate potential is and 
also what the maximum positive potential of the grid should be. 

To get a fair efficiency (60 per cent or better) the value of 7^ should 
not be greater than 25 per cent of the saturation current of the tube; with 
the efficiency known and the safe radiation of power from the plate being 
known the proper value of Eb is fixed. 

Self-excited Tube. —Using the circuit and constants used in getting 
the records of Fig. 220 an attempt was made to run the tube self-exciting 

by changing the connections slightly as 
shown in Fig. 222. The choke coil Lo 
serves to prevent the grid from being 
short-circuited to the filament (for the a.c. 
excitation) through the machine E,. The 
voltage for excitation was obtained from 
the drop across the condenser C2, the 
insulating condenser being necessary to 
prevent short-circuiting the machine Eh. 
With this connection the grid does not get 
(juite as much excitation as shown by the 
curve 6(^2 in Fig. 220, because an appreci¬ 
able part of this voltage is used in over¬ 
coming the reactance drop in C^. (In this 
calculation the capacity of the grid circuit 
of the tube itself must be considered; in 
some of the power tubes this capacity is 
as high as 500 juju/, when the load circuit 
has its proper impedance for maximum 
output—see p. 529.) 

The circuit of Fig. 222 refused to act 
as it (lid for the separate excitation, giv¬ 
ing a small output at a low efficiency; a 
more careful examination of the record in 
Fig. 220 gave the reason. The alternating 
components of Cf, and must be exactly 180^ out of phase if the maximum 
output and efficiency arc to obtain, as becomes at once evident if the con¬ 
struction of Fig. 214 be carried out for any other than the 180*^ relation. 
Measurement of the film of Fig. 220 shows er.j to be 83° out of the 180° 
phase with ep and that much phase displacement is sufficient to completely 
upset the conclusions so far reached. It was therefore necessary to 
change the relative phase of Cp and ccj* 

Exciting Voltage of Adjustable Phase. —A possible scheme is conven¬ 
tionally indicated in Fig. 223; a rotating field is produced by proper 



Fig. 221. —Form of plate rurrent 
curve predicted from Fig. 212; 
it agrees well with the form actu¬ 
ally obtained in Fig. 220. 
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connection to the load circuit and a rotatable coil placed in this rotating 
field serves for the grid excitation. We had a simpler scheme at hand so 
did not try this one. 



Fig. 222.—Arnini^omcnt of the tulx' circuit for self-excitation; the machine Ec main¬ 
tains the ^!;ri(l at the proper average potential. 


Two other schemes for getting a rotating field are shown in Fig. 224. 
In the jirrangernent of Fig. 224 {a) the two circuits Li-Ci and L 2 -C 2 are 
tuned to resonance with the power supph% by the readings of their re¬ 
spective ammeters Ai 
and A y. Now Ci is 
increased sufficit'iitly 
to drop its current to 
1/V^2 of t lie resonance 
value and the current 
in the circuit will now 
lag 45° behind the res¬ 
onance phase. Next 
C 2 is decreased suffi¬ 
ciently to reduce its 
current to l/\/2 of 
its resonance value 
and the current in this ^ possible arrangement of self-excitation, in 

I 1 .. which the phase of the voltage impressed on the grid is 

circuit now leads its 

resonance phase by 

45°. The two coils, A and 7?, then deliver two voltages 90° apart. 
They are used to excite the grids of two triodes, in the plate circuits of 
which are placed the two right-angle coils of Fig. 223. 
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In Fig. 224 {b) is shown a very simple scheme for getting two voltages 
90® apart in phase. In this scheme, as in that of diagram (a), the triodes, 
to the grids of which the coils A and B supply excitation, must employ 
sufficient negative bias that no current is drawn from the coils, otherwise 
I'hase shifts of the excitation voltages wall occur. 

Results Obtained with Self-excited Circuit. —The difference in phase in 
the voltages across Ci and ^2 (Fig. 222) comes from the effect of the cur¬ 
rent ij present in Ci to a greater extent than in C 2 . By making the effect 
of this current small its disturbing effect may be reduced, and this can be 
done by increasing the value of C\ and C 2 , and dc'creasing the value of 
Rj the value of L being properly reduced to maintain the same resonant 
frequency. The increase in capacity will increase the value of the oscil¬ 
latory current u, and as i remains constant its effect on the relative phases 
of eci and ec,, b('Comes proportionately less as the capacity is increased. 

The arrangement of apparatus remaining as in Fig. 207, the constants 



Fig. 224.—Showing two sohomc.s for Kctting excitation voltage of an adjustable phase. 


were readjusted for efficient operation and a set of readings were obtained 
as follows: —900 volts, ii/, =230 volts, /tJ„ = 310 volts, freijnency = 143, 

Li = 9.8 henries, /;. = 0.321 ampere, Ci = 9.2 microfarads, C’2=19.4 micro¬ 
farads. The resistance of the load circuit was 7.80 ohms and the oscil¬ 
latory current produced was 4.30 amperes, giving an a.c. output of 143 
watts. The input to the tube circuit is obtained from the product luEu 
after certain losses, not chargeable to the tube circuit, have been deducted. 

The condensers C\ and C 2 each consisted of two condensers connected 
in series because of the high pot(uitials occurring in the circuit. In order 
to make the two individual condenser^ divide the voltage Eb^ equally it 
is neceasary that their insulation resistances be alike, a condition seldom 
encountered. That condenser having the higher resistance (the better 
one) will take practically all of the Eh voltage as well as its share of the 
alternating voltage of the circuit, resulting in its probable breakdown. 
To prevent this occurrence leak resistances were used across each of the 
condensers making up Ci and C 2 , the leaks each being 21,000 ohms, making 




Fia. 226.—Conditions occurring in the self-excited tube; the plate current did noi 
drop to zero as it should do, because there was not enough negative potentiiU on 
the grid. 


























682 


VACUUM TUBES AND THEIR OPERATION 


[Chap. VI 



Fig. 226.—In this case of the self-excitini? tube, the plate voltajjje did not fall sufficiently 
low to give best efficiency; it measures on the film 300 volts whereas Fig. 218 shows 
the proper minimum plate potential to be 160 volts. 
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the leak resistance of Ci and C 2 each 42,000 ohms. Subtracting the PR 
losses in these leaks as well as the PR losses in the choke coil L\, gives 



Fig. 227. —Separately excited tube— £’6 = 1040, 76=0.170, J^c = 270, Eg = 300, R=37. 
Input = 10() watts. Output = 50, Efficiency = 47%. 



Fig. 228. —Conditions as given in Run B, Table II. 
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the input to the tube circuit 229 watts; the efficiency was thus 62.7 per 
cent. 

Oscillograms taken of the currents in this circuit are given in Fig. 225. 
It is evident that the values of Eg and Ec might well have been greater, 
resulting in a higher efficiency because of the resultant smaller minimum 
plate current. Although the plate current is small the plate voltage is 
large and so results in a high unnecessary loss on the plate. 

The phase of ecg is now practically coincident with that of Eg, and it 
should therefore serve as a source of excitation. The circuit did not give 
as much power, however, when made self-exciting, as it should, so the 
constants were changed slightly to get more power. As finally tested 



Fig. 229.—Conditions as given in Run E, Table I. 


the self-exciting circuit had the constants and perfonnance given here¬ 
with: £'6=1000 volts, 76 = 0.335 ampere, Ci=7.36 microfarads, C2=13.8 
microfarads, L = 0.201 henry, 7yi=9.8 henries, 7^2 = 9.0 henries, £^ = 230 
volts, £ = 8.0 ohms. The current produced in the oscillating circuit was 
4.40 amperes, resulting in an efficiency of 57 per cent. 

Fig. 226 shows the currents and voltages in this self-exciting circuit, 
and it is at once evident why such a comparatively low efficiency was 
obtained; the minimum plate voltage, instead of being 160 volts, as it 
should for this tube, was 300 volts. For this figure the curve of plate 
current included also the alternating component of the grid current, hence 
the absence of the depression at the peak value. 
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The current through the plate-current vibrator reversed during part 
of the cycle, due to the fact that this vibrator carried in addition to the 



Fig. 230.—Conditions as given in Run C, Table I; 



Fig. 231.—Best conditions for high efficiency. Eh ~ 1040, = 0.286, =410, = 460, 

/? = 149, input = 227 watU, output = 155, efficiency = 68%. 
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plate and grid currents, an alternating current which resulted from the 
voltage across the condenser C 2 acting through the reactance of coil L 2 and 
condenser C 2 , Fig. 222. This current is shown as ix in Fig. 226; when 
the plate current is corrected by this small amount it is seen that the plate 
current does not reverse, as we know it cannot with the conditions as 
they existed in this test. 

Action of the Tube at High Frequency. —It was desired to show that 
the action of the tube was just the same at high frequency as at the low 
frequencies used, so a circuit was arranged similar to tliat of Fig. 222, 
with smaller values of capacity and inductance. The choke coils L\ 
and L 2 used in the previous tests would act as condensers of comparatively 
low reactance at the high frequency to be used so they also had to be 
changed. The constants of the circuit used were; volts, 7^ = 

0.285 ampere, Ci =0.0144 farad, (72 = 0.0284 microfarad, frequency = 
98,500, Li=0.023 henry, L 2 = 0.016 henry, 77, =240 volts, /i! = 6.16 ohms 
(high-frequency determination). There were no leaks used with the con¬ 
densers in this circuit, so that the product Ebfhy after subtracting the 
PR loss on the choke coil Li, gives the input. It is found to be 284 
watts, and as the output to the load circuit was 160 watts the efficiency 
was 56.2 per cent, which is in fair agreement with the results obtained 
at 166 cycles. 

In Figs. 227-231 are shown some special oscillograms of the plate cur¬ 
rent, plate voltage, and grid voltage, all for the separately excited tube with 
the circuit shown in Fig. 207; the conditions of the circuit were as noted 
in Tables I and II. 

The conditions obtaining when Fig. 231 was taken show the best adjust¬ 
ments for efficiency which we were able to get with this type of tube; 
the high efficiency wLs obtained without unduly dc^cnaising the output. 
If this form of plate current could be maintained and the value of Eh be 
increased to 3000 volts the calculated efficiency becomes 85 p(T cent; 
this is probably as good as could be done with sine wave shapes of Cp 
and Cgy but it seems as though, by suitably deforming both of them, giving 
them both flat tops, the efficiency could be considerably inen^ased over 
this value. 

Tests similar to those described in this paper w(ire carried out using a 
much smaller tube, that styled by the U. S. A. Signal Corps, type VT~2. 
The results obtained with the large tube were duplicated almost exactly 
in so far as efficiency was concerned. It was found possible to so adjust 
the values of Ec and Eg that the tube gave an output of 6.3 watts with 
an efficiency of 70 per cent, the voltage used in the plate circuit being 
the rated value, namely 300 volts. It was found possible to get over 
7 watts output with the plate loss considerably lower than its safe rated 
value; if the plate voltage had been increased to perhaps 400 volts the 
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tube output might have been raised to 10 watts while still having the 
plate loss within its safe value. 

These tests were all carried out with a separately excited tube; with 
the tube self-excited, the efficiency was not obtained higher than 61 per cent, 
with a plate voltage of 300. This run gave an output of 5.6 watts output 
with a current of 0.0305 ampere; the frequency was 400,000 cycles, 
the value of R was 53 ohms, the oscillating current 0.325 ampere, Ci and 
€‘2 being 1360 and 770 micro-microfarads, respectively. The value of 
Ec was 40 volts. 



Fia. 232.—Amount of high-frequency power obtainable from three 250-watt triodes in 
parallel and effect of changes in Lg. 


With the conditions ot a self-excited circuit adjusted for the best 
conditions as previously outlined difficulty may be encountered in start¬ 
ing the circuit to oscillate, a shock of some kind being generally required 
to start oscillat ions. Because of this possible difficulty it may be the best 
practice to run these tubes separately excited, using one tube (so adjusted 
that it oscillates readily) for exciting olhers as indicated in Figs. 192-193, 
pp. 652-666. It may well be that with a higher resistance in the oscil¬ 
lating circuit more output can be obtained from two tubes if one only 
is used as a generator, the other being used as exciter only. Certainly 
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if more than two tubes are to be used it will be well to use one as exciter 
for supplying the grid voltage for the others. The small exciter tube 
should be set with coupling much greater than the critical value and it 
will key ” readily and quickly. The power tube which is being excited 
should be arranged with sufficient grid bias to get the form of plate current 
shown on p. 685; the amount of excitation imparted to the grid of the 
power tube must, of course, also be properly adjusted. 

Characteristics of the Circuit of Fig. 168.—Using the circuit shown in 
Fig. 158 (p. 614), a series of runs was made to investigate the effect of 



Value of L|,in microhenries 

Fig. 233. —Showing the effect of varying the plate circuit inductance with fixed value 
of Ly. Region of oscillation indicated by solid lines; outside these limits tubes 
refused to oscillate. 

changing the constants of the circuit and some of the results are shown in 
Figs. 232 and 233; the legends and diagrams on the curve sheets make 
them self-explanatory. For these tests three 250 watt power tubes were 
operated in parallel, all grids being connected together as also were the 
plates; the plate current recorded on the curve sheets is that of one tube. 

It may be seen, from Fig. 232, curve 3, for example, that for efficient 
coils and condensers of the type used here it is possible to get as much 
as 16,000 volt amperes from one tube, with only 800 volts on the plate 
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and normal filament current. The behavior of the tubes, as regards 
stability, conditions for maximum output, etc., agree fairly well with the 
theoretical predictions. 

Characteristics of Screen-grid Tubes. —The capacity between the 
plate and grid of a triode is frequently very disturbing; it not only results 
in a high effective input capacity of the triode but it also tends to make it 
unstable if used in a high-gain amplifier. As shown in Figs. 84 and 85, 
a shield grid may be put around the plate and suitably connected to the B 
battery, this prevents the electric field of the grid from reaching through ” 
to the plate, and vice versa. In addition to this desired effect, however, 
the screen grid gives to the tube some very unusual and sometimes unde¬ 
sired characteristics. 

In Fig. 234 are shown the ordinary characteristics of a type 224 tetrode; 


B 



Fig. 234.—Normal characteristics of a screen-grid tetrode. 


this is a screen-grid, a.c. heater type of tetrode used primarily as a radio¬ 
frequency amplifier. It is appreciated at once that these curves are 
entirely different from those of the ordinary triode. For this special 
tube the recommended screen-grid voltage is 75, so in obtaining the plate- 
current curves with different bias on the control grid the screen grid was 
maintained at 75 volts. 

With the control grid held at cathode potential {Ec = 0) the screen-grid 
current and plate current follow the peculiar variations shown. The sum 
of Ip and Iso is nearly constant, but the division of this total current changes 
greatly as the plate voltage is raised. The screen-grid current performs no 
useful function, so we will not bother to discuss its form. 
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The plate current Ip increases from zero, with increasing Epy for a few 
volts, and then diminishes and actually reverses in the region 15 to 60 
volts. This is the dynatron region; the secondary emission from the plate 
is sufficient to more than offset the elect ron stream from the cathode, giving 
a net flow of electrons/rowi the plate. It will be noticed that in this region 
the current increased even though screen voltage was held constant. 

When the plate voltage has been raised to about the same voltage as 
the screen grid, whatever electrons are splashed out (secondary emission) 
are pulled back by the plate; in addition, the plate is able to pull away 
from the screen grid a greater share of the electrons which have left the hot 
cathode. With greater than 90 volts in the plate the change in Ip with 

Ep is very snnill, being, however, 
practically constant for plate volt¬ 
ages from 100 to 250; this is the 
operating region of this tetrod('. 
It may be noticed that in this 
region the screen-grid current 
drops almost as rapidly as the 
plate current rises. 

With various values of control- 
grid bias the plate current goes 
through corr(‘sponding changers as 
the plate voltage is raised from 
zero, the value of of course, 
b(‘ing greater for the lower values 
of bias. 

In Fig. 235 are shown the 
changes in 7,, and I as the con¬ 
trol-grid bias is altered; the.se 
curves are for a different tul)e from that used in getting the curves of Fig. 
234, hence the values of one do not (juite check with those of the otluT. 

Plate-circuit Resistance of the Screen-grid Tube. —Plate-circuit 
resistance is defined as the ratio of change in plate voltage to the corre¬ 
sponding change in plate current, the control grid and other factors 
being maintained constant. For = 0 the value of for a plate- 
voltage change from 150 to 250 is 0.27 milliampere. This gives Rp=^ 
100/0.00027 = 370,000 ohms. With ^^=—1.5, the same change in Ep 
gives A/p of 0.00024 ampere, so that 74 = 417,000 ohms. Similar high 
values of Rp are found for all other values of grid bias. 

The plate-circuit resistance of a screen-grid tube is extremely high, 
so high, indeed, that it is difficult to make an external circuit that properly 
matches the tube resistance. This high resistance is caused by the inabil¬ 
ity of the plate to reach through the screen grid and attract many of 



Fig. 235.—Variation of plate and screen- 
grid currents, as control-grid potential 
is varied. 
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the electrons which are evaporating from the cathode. The difficulty of 
matching the tube resistance may be understood by the help of Fig. 236. 
The capacity of this tube from plate to screen grid is about 10 /jLfjif. The 
wiring may increase this by another 10 jup/, unless it is carefully disposed, 
so that there may be a capacity from plate to ground of 20 /z/i/. Now if 
a radio frequency of 1000 kc. is being amplified 
(or to be amplified) the reactance from plate to 
ground is 8000 ohms. Now if we use a resistor, 

Rf of 400,000 ohms, to match the tube resistance, 
there will be a reactance of only 8000 ohms con¬ 
nected in parallel with it, thus practically short- 
circuiting the plate circuit. The amplification 
would be very small, so in a radio-fre(piency 
amplifier a resistance coupler of this kind could 
not be used even if it were desired. An amplifier 
for television purposes should take freciuencies as 
high as 100 kc., but even for this comparatively 
low frequency the capacity reactance to ground 
would be only 80,000 ohms, and this again would have a serious shorting 
effect on a 400,000-()hm resistor. It is evident that if a resistance is to 
be used in the plate circuit, this should be taken as low as feasible, and 
the wiring should l)e done in such a way as to minimize the capacity 
from plate to ground. 

Amplification Factor of a Screen-grid Tube. —The amplification factor 

p is defined as it was for the 
triode, the ratio of AEp/AEg to 
maintain Ip constant. It is also 
defined as the ratio of Alp/AEg 
to Alp/AEpj and we can get 
these values from the curves of 
Fig. 234. With /v = 0, a change 
in Ep of 100 volts (150 to 250) 
gives a change in Ip of 0.00027 
ampere. At E^ = 200, a change 
of 1.5 volts in Er fO to ~ 1.5 
volts) reduces the value of Ip 
by 0.00159 ampere. This gives 
Alp/AEg of 0.00106 ampere per volt and Alp/AEp of 0.0000027 ampere per 
volt, so that p — 0.00106/0.0000027 = 392. Thus the amplification factor of 
this type of tube is very high; even if the external circuit is much too low in 
impedance to match the tube, so that only a small fraction of the theoreti¬ 
cally possible voltage amplification is obtained, still the voltage amplification 
is very high compared with what can be obtained with other types of tubes. 



Fig. 237.—Characteristics of screen-grid tube 
with variable fx. 
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Fig. 236.—Simplified cir¬ 
cuit of screen-grid tube. 
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An exact mathematical treatment of the screen-grid tube seems to be 
very complex; such an analysis has been attempted/ but it leads to ex¬ 
tremely cumbersome expressions which are of little real service. 

Screen-grid Tube with Variable jit.—By constructing the control grid 
of a spiral with variable spacing between adjacent turns the amplification 
factor of the tube is made variable; it depends greatly upon the amount 
of bias used on the control grid. Thus ju and Sm (the transconductance), 
which are reasonably constant in the working range of the ordinary triode, 
have wide variations in this type of tube. 

In Fig. 237 are shown the ordinary characteristics of this variable fx 
tube, and in Fig. 238 are shown the variations in Ip and as the control- 
grid bias is changed. With 250 volts on the plate the value of s„i is 1050 

micromhos with 3-volt bias; it is 
15 micromhos with 40-volt bias and 
about 2 with 50-volt bias. There 
is thus a gradual change in Sm with 
increasing bias, making the tube 
useful for controlling the amplifi¬ 
cation of a set. It is used in just 
this manner; the control grid is 
connected to a potentiometer 
capable of changing its bias from 
zero to 50 volts. 

Screen-grid Tube a Low-power 
Tetrode. —If it is desired to get 
much power output from a tube 
the plate current must he high 
and the circuit must he arranged 
to permit wide fluctuations in 
plate voltage. It is the product 
of the change in plate volts and in plate current that indicates how 
much power the tube is delivering. Now inspection of Fig. 234 shows 
that large plate current, cannot be obtained unless the control grid is 
made positive, and this is prohibited because of the resultant distortion 
and loss of selectivity of the amplifier. 

But it might be possible to get plenty of plate current if the screen grid 
were operated at higher voltages; the effect of doing this is shown in 
Fig. 239. 

Larger plate currents are obtained when the screen grid is made 
more positive, but the range over which the plate voltage can swing is 
decreased because the lower voltage limit of the operating range (where 
the platfe current falls off rapidly) is pushed up as the screen-grid potential 
^ Brainerd, Mathematical Theory of Tetrode,*' I.R.E., June, 1929, p. 1006. 



Bias on control grid 

Fig. 238.—Showing how shape of Ip-Ec 
curve, with variable m grid, differs from 
that of a constant m tube. 
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is raised. Thus with 100 volts on the screen the lowest permissible swing 
of the plate voltage is 110; with 140 volts on the screen it is 160, and 
with 180 volts on the screen it is 200 volts. Thus it is impossible to get 



Fig. 239.—This set of curves shows why it is impossible to get much power from the 

ordinary screen-grid tube. 


much power out of this screen-grid tube; as the plate current is raised 
the useful range of plate voltage is reduced. However, by using a fifth 
electrode properly connected, this limit on the power output is removed. 



Piute volts 

Fig. 240.—The “suppressor'' grid of the pentode, extends the plate current “plateaus'^ 
of h"ig. 239, down to low-plate voltages, making possible greater variations in plate 
voltage thence greater output. 


The Pentode. —The pentode (type 247) is a tube with oxidd-coated 
filament, a control grid, a screen grid, plate, and suppressor grid. This 
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extra grid is put between the screen grid and the plate and is connected 
electrically inside the tube, to the middle point of the filament. Its 
effect is to completely suppress the phenomenon of secondary emission 
from the plate, hence its name. Thus the lower limit of plate-voltage 
swing, which was high for the tube shown in Fig. 239 (due to secondary 
emission from the plate lowering the plate current prohibitively) is 
reduced to very low voltages, hence the plate voltage may swing over 
wide variations. 

With the structure which this tube has at present it is advisable to 
hold the screen grid at high voltages (as was attempted in Fig. 239). 
In Fig. 240 the ordinary characteristics of the pentode are shown. The 
plate circuit resistance is reasonably low (compared to that of the screen- 




Fig. 242.—The 

netrori consists of a 
straight fihirnent axi¬ 
ally located in a cyl¬ 
indrical plate. 


grid tube); in Fig. 240 we find that a change in plate volts of 150 (100 to 
250) gives a change in plate current of 0.0044 ampere, which gives a plate- 
circuit resistance of 32,000 ohms. In Fig. 241 are shown the changes in 
plate current and screen-grid current as the control-grid bias is altered. 
With 250 volts on the plate a change of 1 volt in grid bias produces a change 
in Ip of 0.0017 ampere. But a change of 1 volt on the plate, with £^ = 250, 
gives a change in Ip of only 0.000020 ampere, so that the amplification 
factor /X is equal to 0.0017/0.000020, or 85. 

Hence the pentode has a very high voltage amplification. With a load 
resistance of 7000 ohms (the value recommended by the manufacturer), 250 
volts on plate and screen grid, and control-grid bias of 16, a signal of 
10 volts (effective) will deliver about 2 watts of signal, much more than 
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liny similar tube. This pentode is being used as the output tube for all 
modern sets. 

In a new type of tube just appearing (type 58) the suppressor grid is 
not connected to the filament inside the tube, but is brought out to a 
separate terminal; this requires a six-prong base and socket. With this 
type of tube the suppressor grid can be adjusted to any desired potential, 
and its characteristics correspondingly altered. Thus the type 58 is a 
variable /x control grid, screen grid, suppressor grid tube, with special 
suppressor grid prong on the socket; similarly requiring a six-prong base 
is the type 57, which is somewhat similar to the type 24 screen-grid 
amplifier and detector. These newer tubes are smaller than their pre¬ 
decessors and have no screen grid outside the plate. The metal can, 
which is used over all tubes of the screen-grid type, is itself used to act as 
the outer screen, in conjunction with a metal ring inside the tube, con¬ 
nected with the cathode. 

The Magnetron. This type of tube, a diode, depends upon the 
deflecting action of a magnetic field on an electron moving across this 
field. Cylindrical in structure, it has a centrally located filament and a 
cylindrical plate. The construction is shown in Fig. 242; a tungsten 
filament, F, is stretched tight by the spring S and held central in the 
cylindrical tub(\ A metal cylinder (generally molybdenum) A is held 
securely by tlu' spiral springs fitting tightly between the outside of the 
metal cylinder and the inner wall of the glass tube. If the filament of 
such a tube is sufficiently hcaited to evaporate plenty of electrons, the cur¬ 
rent to the anode is giv('n by 

7=14.r)r)XlO-«—.(123) 

7'a 


in which f = current in amperes; 

^ = length of anode in centimeters; 
r = radius of anode in centimeters; 

F = volt age between filament and anode; 

a — ii constant depending upon relative radii of filament and 
anode. It is practically unity. 

Now if a uniform magnetic field is passed axially through the tube (parallel 
to filament) it will b(' found that when the field strength reaches a critical 
value the anode current will suddenly fall to zero. The value of this critical 
field strength is given by 

H = ~V^ .(124) 


hi which // is the field strength in gausses. 
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In Fig. 243 are shown the characteristics of a magnetron having an 
anode 4 in. in diameter and 12 in. long. With 400 volts in the anode 
the current shuts off with a field strength of 27 gausses, and with 1600 

volts it shuts off with a field strength 
of 53 gausses. This satisfies the rela¬ 
tion given in Eq. (124). 

It is possible to make a diode of 
this kind produce oscillations, if con¬ 
nected up in some such fashion as 

A 


B 

0 10 20 30 40 60 60 70 

Gaxiss 

Fig. 243.—A magnetic field, parallel to Fig. 244.—The circuit arrangement for pro- 
the axis of the magnetron, controls the ducing alternating current by magnetron 
flow of electrons from filament to plate action, 
as shown here. 




shown in Fig. 244. Coils A-B are Helmholz coils, actually surrounding 
the magnetron and properly designed and placed to produce a parallel uni¬ 
form field over a cylindrical space larger than the nnignctron. The coil L 



is also around the magne¬ 
tron inside the others. The 
outer coils are adjusted to 
give a magnetic field strength 
nearly great enough to shut 
off the anode current, then 
oscillations will be set up in 
the L-C circuit. 

Elder ^ has analyzed this 
circuit and shows the con- 


Fig. 245.—An arrangement of Helmhoh coils for 
neutraliying the earth’s magnetic field. Inside 
the cylindrical space 6" in diameter and 16" 
long, the earth’s field can be reduced to* zero 
within 1 per cent. 


ditions for oscillations, 
amounts of power obtain¬ 
able, etc. He designed a 
set of Helmholz coils which 
gave him a uniform field 


over a volume 6 in. in diameter and 16 in. long, using 5 coils of 4000 turns 


each of 0.04-in. diameter copper wire. The coils were arranged as shown in 


Fig. 245. Each coil had a winding cross-section of 2 in. by 4 in.; each 


* I.R.E., April, 1925. 
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weighed 125 lb. and had 172 ohms resistance. The center coil had an 
extra resistance i?, used for equalizing the field more completely. In the 
6 in. by 16 in. volume the field was uniform to better than 1 per cent. 
He states that a group of coils like this gives a flux density of 45.3 
gausses per ampere drawn from the line (about 0.2 ampere in each coil). 
Using a magnetron giving 4 amperes of emission from its filament, hav¬ 
ing an anode 4 in. diameter by 12 in. long, with the tuned circuit 
adjusted for 12,000 meters, he was able to get powers and efficiencies 
as in the accompanying table: 


V'olts on 
anode 

Amperes to 
anode 

Input 
in kw. 

Output 
in kw. 

Losses on 
anode 

Efficiency 

3000 

1.0 

3.0 

1.55 

1.45 

52 

5000 

1.0 

5.0 

3 25 

1.75 

65 

7000 

1.1 

7.7 

5.10 

2.60 

66 

9000 

1.3 

11.7 

8 05 

3.65 

69 


Power-supply for Plate Circuits of Power Tubes.—Of course it is pos¬ 
sible to build high-voltage generators to deliver the power required by the 
plate circuits of high power tubes; generators of 20-kw. capacity are 
available to give voltages as high as 10,000. It is now found more eco¬ 
nomical, however, both in first cost and maintenance cost, to use recti¬ 
fied a.c. power, instead of high-voltage c.c. generators. 

Raguet' estimates that for a 100-kw. power supply, used 20 hours a 
day, the rectifier outfit saves over $4000 a year when compared with 
motor generator sets. The rectifier outfit is also cheaper to buy than 
the motor generator sets. 

There are two characteristics every rectifier should have: plenty of 
current capacity, and a low voltage drop in the conductive direction and 
a high “ breakdown voltage in the reverse direction (this reverse voltage 
is generally called the inverse voltage). The ordinary high-vacuum diode 
is a perfect rectifier so far as rectification is concerned, but it requires a 
high voltage across the tube even when carrying current in the normal 
direction. This space charge drop may be only a few volts for a 
small low-powered valve, but for valves used in high-power circuits it may 
be thousands of volts. 

The hot cathode mercury vapor rectifier is much more satisfactory; 
it requires but small drop through the tube, and its breakdown voltage in 
the reverse direction, though not as high as that of a vacuum tube, may 
be made as high as necessary by regulating the mercury vapor pressure. 
The relation between mercury vapor pressure and temperature is shown 

1 LR.E., Jan., 1930, p. 49. 
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in Fig. 246. In Fig. 247 is shown in one curve the drop through one of 
these hot filament mercury vapor rectifiers, when carrying rated current, 
and another curve giving the “ breakdown or “ flash-back ’’ voltage, 
both curves being given as functions of the temperature of the coolest 
part of the tube. The temperature of this coolest part determines the 

mercury vapor pressure. The 
drop through the tube, in 
the conductive direction, 
must not exceed about 20 
volts, and the flash-back 
voltage must be considerably 
greater than the tube will be 
called upon to stand. These 
two limits determine the 
temperature limits of opera¬ 
tion of the tube, as indicated 
in Fig. 247. If the tube 
gets too cool the tube drop 
exceeds 20 volts and the 
filament is subject to de¬ 
structive bombardment by 
positive ions; if the tube 
gets too hot its flash-back 
voltage is lowen'd, possibly 
to a value wliich permits 
H'versc'd current to flow with 
probably a resultant short 
This typ(‘ of n'ctifier is now available in 



Fio. 246.—Pressure-temperature curve of mercury 
vapor. 


circuit in the power supply, 
the following ratings: 



J 

Filainetit I 



Type 


! 

J’eak iiiHMk* 


Volts 

.Aitiperes 

fiirront 

Vc»ltll«0 


866 

2.5 

f) 

0 0 

5,000 

872 

5 

10 

2 5 

5,(X)0 

869 

5 

20 

5 0 

20,000 

857 

5 

00 

20.0 

20,000 


Six of the type 869 properly connected will deliver 100 kw. and six 
of the 857 properly connected will deliver 400 kw. of rectified power. 
The life of these tubes is expected by the manufacturer to be many thou¬ 
sands of hours. 
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In Fig. 248 is shown a simple single-phase full-wave rectifier and the 
voltage across one tube during one cycle of the power supply voltage. 
A small transformer N with good insulation between its primary and 


secondary, supplies filament cur¬ 
rent for both tubes; the center 
point 0 of its secondary serves as 
one terminal of the rectified power 
supply. Transformer M furnishes a 
secondary voltage (effective^ about 
2-2 times as much as the desired 
voltage of the rectified power sup¬ 
ply. Valve A carries current when 
end a of the transformer M is 
positive and the drop through valve 
A is only 15-20 volts. Hence by 
inspection of tliis connect ion diagram 
the drop across valve B must be 
the total voltage of the secondary 
winding, minus the few volts’ drop 
through A. Thus the peak inverse 
voltag(' for this circuit is equal 
to (PJ-\/2 — 20)j the average voltage 
across the load, J^av., is the average 
all in the same direction as shown in 
in the valve the average value is (2/t 
Ordinarily a low-pass filter of one or 



Temperature of coolest part of tube, detjrees C. 

Fig. 247.—Action of mercury vapor in a 
hot-cathode, mercury vapor rectifier. 

of a series of sine wave alternations. 
Fig. 249. If we allow 20 volts’ drop 
l{(A’max - 2)-20j^0.31 £^„,ax,^0.44 E. 
two sections would be used between 



Fig. 248.—Action of a single-phase full-wave rectifier. 


the valves and the load, and of course this would decrease FJav. by the RI 
drop in the choke coils.^ 

^ For a good analysis of this or the following ciicuits see article by Steiner and Mason, 
I.R.E., Jan., 1930, p. 07. Also one by R. W. Armstrong, I.R.E., Jan., 1931, p. 78. 
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In Fig. 250 is shown a single-phase, full-wave, four-valve rectifying 
circuit. By this scheme the ratio of peak inverse voltage to the load 
voltage is much reduced from the value it has for the two-valve arrange- 

__ment of Fig. 248. Thus for 

/e|^ / \ \ \ given type of valves the 

/ ""r*’ \/ \/ \/ \ allowable load voltage is twice 

0 TT 2 t 3 7r 47 r as much as it is for the two- 

Fig. 249. — Load voltage of the circuit of Fig. 248. valvc circuit; furthermore, 

the plate-circuit transformer 
is much more efficiently used in Fig. 250 than in Fig. 248. In other 
words, for a given load current, the heating of the secondary of the 
plate-circuit transformer is much less for the four-valve than for the two- 
valve circuit. To appreciate this point it is necessary to consider the 
heating effect of currents 

consisting of various _ 

shaped pulses, all giving single phase, 

the same average value. I ^ ^ I fuiiwave. 

It will be found that the _, |||| ^ || L, 

shorter the pulse (ex- P ^ ^ ^ Eav - e 

pressed as a fraction of 

a cycle) the greater will ^^ 

be the heating value, for ' _ v 

a given average value. Piq 250. — Single-phase full-wave rectifier using four 
Fig. 251 shows a three- valves. Its inverse voltage is only half that of Fig. 

phase, half-wave, three- 248, in terms of load voltage, 
valve circuit; the evident 

advantage of the three-phase, over the single-phase, is a smaller flucta- 
tion in the pulsations of the rectified current, hence smaller and cheaper 
filter required to give a non-fluctuating load current. 

Fig. 252 shows a three-pha.se, half-wave, double Y arrangement using 

six valve.s. ICach sec- 

r-^571 *1 ondary coil of the 

-^ V >l_47r- if nE.,-inE three-phase irans- 

^ \ ^ ^ ^av E >.2 09 E ^^rmcr is in two parts, 

—1 _B,nd the load current 

---1 _ I divides equally be- 

Fig. 251.—Three-phase, half-wave, rectifier circuit. tween those twO 

halves and flows 


Single ph&B6, 
full wave, 

4 valves 

Eav - .900 E 
-1.67E, 


Fig. 250.—Single-pha.se full-wave rectifier using four 
valves. Its inverse voltage is only half that of Fig. 
248, in terms of load voltage. 


Three phase, 
half wave. 


Fig. 251.—Three-phase, half-wave, rectifier circuit. 


through them in such a way that the m.m.f. due to the load current 
is reduced to zero. This prevents the rectified current from magnetizing 
the transformer core, an effect which is very troublesome in some of the 
other circuits. 

Fig, 253 shows a three-phase, full-wave, six-valve circuit which is gen- 
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erally used with mercury vapor rectifiers; its advantage lies in the very 
low inverse voltage impressed on the valves, thus permitting a load voltage 
almost as high as the flash-back voltage of the valve. 




Fia. 252.—Three-phase half-wave having such connections that the rectified current 
does not magnetize the transformer cores. 


In Fig. 254 are given curves showing the active parts of the various 
voltage cycles (in heavy lines) and the valves which participate in the 
production of load current for the part of the cycle. It is assumed that 




Fig. 253. —Three-phase full-wave rectifier. Here the inverse voltage is not much greater 

than the load voltage. 


voltage of the power supply follows the phase sequence shown in the 
curves, namely C-A leads B-Cy and this leads A-B. 

In Fig. 255 is shown the form of current for a single-phase, full-wave 




Fig. 254.—This diagram shows the successive action of the various valves used in 

Fig. 253. 


rectifier having a one-section filter, the condenser being next to the recti¬ 
fier; the peak value of anode current is much greater than the average 
load current. In Fig. 256 are shown the current and voltage curves for 
one valve of the circuit of Fig. 253, when a choke coil is used in series 
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Anode current 
Load 


with the load; the effect of the coil is to prevent the anode current from 
changing so rapidly so that it is more rectangular in form than for Fig. 

^ 255. The value of the 

maximum anode cur¬ 
rent in this case does 
not greatly exceed the 
load current. 

The comparative 
merits of the hot ca¬ 
thode mercury vapor 
valve, compared with 
the high-vacuum valve, 
are given by the follow¬ 
ing table, which shows the performance of the two types. The last row 
of figures shows the performance with the vapor valves at rated capacity. 





Fig. 255.—A simple filter used with a single-phase full- 
wave rectifier. The maximum current through the 
valve is much greater than the load current. 




Tube drop 

I. < >8.^08 

1 Output 



No 

Type 





1 



Flficieriev 










valves 

circuit 






1 





V'</Its .at amps 

Filament 

date i 

h' 

I 

Ku 


6 

3 <t> Double V 

1560 

() 

6.9 kw. 

18 7 kw. 

15,000 

12 

180 

87 5 

() 

3 <p Full wave 

15 

12 

1 8 

(1 

15,000 

12 

ISO 

98 8 

6 

3 0 Full wave 

15 

20 

1.8 

0 (i 

19,100 

20 

382 

99 4 


Anode current of one v:il\ 


In addition to the better effici(‘ncy of the mercury vapor valves the 
voltage regulation is very much better. Fnaii no load to full load the 
load voltage drops 20 per cent with the high-vacuum valv(\s and only 
8-10 per cent with the vapor valves. This n^gulation includes that of 
the transformers. 

Because of the ef¬ 
fect of rectified cur¬ 
rent wave forms, some 
of the transformers 
used in the rectifying 
circuit arrangements 
shown above have 
only a fraction of their 
capacity for normal 
a.c. operation. The “ utilization factor is only 68 per cent for some of 
the connections and as much as 96 per cent for others. The transformers 
used in the three-phase, full-wave arrangement of Fig. 258 will carry 96 
per cent as much power as they would in normal a.c. operation. 



Fig. 256.- 


Voltage and current relations of one valve of 
Fig. 253. 
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A Special T3rpe of Oscillating Circuit. —It is possible to produce a type 
of oscillating circuit with no inductance at all; one of these schemes, 
called the “ multi-vibrator,^^ originally due to Abraham and Bloch, is 
shown in Fig. 257. In such a circuit the two condensers alternately charge 
and discharge periodically; the voltage across one condenser, and plate 
current of one tube, having about the forms shown in Fig. 258. These 
square pulses of current follow one another at very definite time intervals. 
Watanab(^ ^ at tempts an analysis of the action of this circuit and derives 
a relation between circuit constants and periodicity. Armagnat has 
given the period, if we take € 2^2 = 0 'iR' 2 , as T^C 2 R 2 , whereas van der 
Pol calculates it to be more closely represented by T = ( 7 r/ 2 ) C 2 R 2 for the 
same circuit constants. 

Because of the very sharp rise and fall of plate current this type of 
circuit furnishes a power source with a long series of harmonics; thus it is 
possible to detect energy even as high as the fiftieth harmonic when the 
pulse has sharp corners as indicated in Fig. 258. Thus if the fundamental 




I^iG, 257.—The so-oall('(l “multi-vibrator” Fia. 258.—Voltage and current relations 
circajit arrangement using two triodes. of the circuit shown in Fig. 257. 

is set at some metisurable, audible value, this circuit furnishes a scheme for 
obtaining known radio frequencies. 

Characteristics of the Three-electrode Tube as an Amplifier. —As the 

voltage impressed on tlie input circuit of a tube causes a change in the 
plat(‘ current which mtiy be flowing through an inductance or resistance 
in the external plate circuit, and as it is evident that the drop across this 
external circuit may be many times greater than the e.m.f. impressed on 
t he grid, th(' device may be used as a voltage amplifier. The amplified volt¬ 
ages in the output circuit will, under proper conditions, have very nearly the 
same form as the input voltage, sufficiently so that the currents due to 
speech may be amplified many times (1,000-10,000) and the reproduction 
of the voice be almost perfect. The circuits used in amplifiers and arrange¬ 
ment of apparatus are taken up in a later chapter; in this section we shall 
consider only the amplifying characteristics of the tube itself. 

As noted before, a voltage of Ema sin o^t introduced in the input circuit 
of a tube is equivalent to a voltage of ixEmo sin uit introduced into the plate 

U.R.E., Feb., 1930, p. 327. 
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circuit, this voltage causes an alternating current to flow in the plate 
circuit, the magnitude and phase of which depend upon the external impe¬ 
dance in the plate circuit and the resistance of the tube itself. If we call 
the alternating component of the plate current Ip we have the relation. 


/p= 


Mg, 

Rp+R' 


(125) 


in which R is the external resistance of the plate circuit. The drop across 
R (which is the only available part of the amplified voltage, the rest being 
used up inside the tube itself) is IpR and this is evidently given by 


IpR = Ep = Egfi 


R 

Rp+R' 


From this we get the actual voltage amplification due to the tube, which 
is designated as a. 


a = 


R 

Rp-\-R 


(126) 


This factor a will be constant (independent of the magnitude of the 
input voltage Eg) only for such value of Eg as give constant Rp, This 
can be seen at once from the static characteristic of a tube, showing the 
relation between plate current and grid potential, this curve to be taken 
with the proper value of in the plate circuit; throughout that part of this 
curve which gives uniform slope the factor g is constant and the ampli¬ 
fication is distortionlessy a very necessary feature of an amplifier used 
for speech amplification, but of little importance for telegraph signal 
amplification. 

This point is indicated in Fig. 259; two different tubes (or different 
arrangements of the same tube) might have characteristics as shown at M 
and N and the fonn of the plate current produced for a sine wave of volt¬ 
age impressed on the grid as shown by curves m and n in the same figure. 
With curve N the value of dIp/dEg is greater the more positive the grid 
becomes, resulting in a lower Rp] from Eq. (126) it may be seen that for a 
given value of R the factor a becomes greater the smaller Rp. A sine wave 
of voltage impressed on the grid, therefore, does not produce a sine wave 
of current in the plate circuit and so will not produce a sine wave of voltage 
across a resistance in the plate circuit. 

From Eq. (126) it is evident that if the amplifying power of a tube 
is to be efficiently used the value of R must be at least as large as Rp and 
should really be much larger. In Fig. 260 is shown the measured ampli¬ 
fication constant of a small tube taken under various conditions. It is 
seen that the factor a increases as R increases, for all conditions. 
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Curve 1 was taken with a constant B battery voltage; under 
tliis condition the plate voltage deercased as R was increased due to the 
resistance drop in R. But a decreased plate voltage resulted in an increase 



Fia. 259.—Two tubes having different plate-current characteristics as indicated in 
M and N will give amplified currents having more or less distortion, N giving more 
distortion than M. 



Fia. 200.—Amplifying iK)wer of a small receiver tube; for curve 1 the plate voltage was 
allowed to fall, being constant at 20 volts; for curves 2 and 3 the value of Eb 
was variable and so adjusted to give a plate voltage of 20 or 30 for all values of 
external resistance with the plate circuit. 
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in so that for this condition as R was increased, it approached Rp 
very slowly due to the increase in Rp with increase in R. 

Curve 2, compared to curve 1, shows the effect on a of increasing the 
B ’’ battery voltage sufficiently to compensate for the IR drop in the 
plate circuit, maintaining the average plate voltage constant; it is seen 
that the increase of a with R is much more rapid. Curve 3 shows the 
effect of maintaining the plate potential at 30 volts instead of 20 volts. 



Fig. 261.—Showing effect on the amplifying {X)wer of a tube of holding the grid at 
different average potentials; making the grid more* n(*gative increases the tube 
resistance, hence requiring a higher external re.sistance to get the same amount of 
amplification. 

The a.c. resistance of the plate circuit of the tube R^ was measured for 
curves 2 and 3 and is indicated in the curves; it is s(‘en for each of 
them that when R = Rp, a = \iJL, as it should from Kq. (126). 

In using a tube as an amplifier it is customary to maintain the grid 
at such a negative potential that, for any probable input voltage, the grid 
will not become positive; maintaining a negative grid increases the value 
of Rpy so that for a given R^ a is decreased. This effect is shown in Fig. 
261, which gives the behavior of a tube having a higher value of /x than 
is customary. Fig. 262 shows the variation of the amplification factor 
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as both plate circuit voltage, Eby and grid potential, Ec, were varied. 
It is evident that this tube could be used effectively for only small values 
of input voltage. 

If the plate current of a tube is expressed by the relation, 

t^ = A{ E^+tx(E,+E„„ sin o.^)} ^.(127) 

we get after expansion 

ip = A (Ep + /z JPa ) “ +2yl /i {Ep+)E„io sin cot 

+yu ^ COS (2a!/+x)H- - -. . . (128) 



The first term gives the steady value of plate current with no input volt¬ 
age, the second the true amplification current, the third a double-frequency 
distortion current, and the 
four til a steady increase in the 
value of ip, while Ema sin cot is 
acting. The third term has 
the same coefficient as the 
fourth and the fourth term 
will register on a d.c. ammeter 
in the plate circuit. Hence 
the quality of amplification of 
a tube (distortionless or not) 
may be judged by the indica¬ 
tion of the plate ammeter as 
the input voltage is impressed. 

Fig. 263 shows this effect and 
also the effect of added resis¬ 
tance in the plate circuit in de¬ 
creasing the distortion. With 
150,000 ohms added in the plate 
circuit, this tube would give essentially distortionless amplification for 
input voltage as high as 5 volts. 

In case a reactance is used in the plate circuits, for repeating, instead 
of resistance, it will be found that the value of a is greater than for a 
corresponding value of resistance. Thus if an inductive reactance (of 
negligible resistance) is used in the plate circuit, the value of the react¬ 
ance being equal to the tube resivstance, a value of a is obtained equal to 
0.7/z instead of 0.5yu as was obtained for resistance. This follows at once 
by considering the voltage relations in a tube circuit, as given in Fig. 
131, p. 577. 

Characteristics of Tubes Used at Present. —As indicative of practice 
in tube construction to-day there is appended a table of typical tubes 
used in receiving sets. 


Fig. 262 . —Variation in amplifying power 
with tlifferent grid potentials and different 
plate circuit voltages. 
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Multi-Function Tubes. —Due primarily to the desire for compactness 
in receiving sets it is evident that tubes having sufficient elements to 
perform two or more functions are sure to appear. Thus the type 55, 
just announced by the manufacturer, is described as a duplex-diode 
triode; it has an indirectly heated cathode which furnishes electrons for 
three separate circuits, performing entirely different functions. 


Near one section of the cathode 



Fiq. 263.—The quality of amplification 
(distortionless or not) is shown l)y a test 
of this kind. The tube used requires an 
external resistance in series with the plate 
of at least 150,000 ohms to give distor¬ 
tionless amplification. 


are located a grid and plate in their 
normal relationship, this part of 
the tube serving as a normal audio¬ 
frequency amplifier. One plate, 
near another part of the cathode, 
serves with the cathode as a Fleming 
valve, that is, a two-element de¬ 
tector tube. As mentioned in the 
section on chdectors, the Fleming 
valve is not as efficient a detector 
as the three-ek'iiK'nt one but it has 
the advantage' that it can handle 
liigh-voltage signals without danger 
of overloading, and, if sufficient 
resistance is put in the plate 
circuit, the rectification is reason¬ 
ably liiK'ar over a wide range of 
signal strength. 

Another plate acts as a volume 
control circuit serving to give a 
variable grid bias for the preced¬ 
ing radio-frequency amplifying 
tubes, the bias increasing with 
signal strength. Thus the type 
55 tube serves as a two-element 
“ power detector,” an automatic 
volume control device, and a normal 
triode audiu-frciiuency amplifier. 

















chapti^:r VII 


CONTINUOUS-WAVE TELEGRAPHY 

Advantage of Continuous-wave Telegraphy. —Continuous-wave teleg¬ 
raphy possesses several distinct advantages over damped-wave systems 
which may be summarized as follows: 

1. Greater Selectivity ,—This advantage is due primarily to the fact 
that energy radiated by a spark transmitter is sent out in damped-wave 
trains. These wave-trains, striking the receiving antenna, induce therein 
an electromotive force, and if the circuit is tuned to the incoming wave, 
maximum current and signal strength are obtained. However, even if the 
circuit is somewhat de-tlined, the damped-wave train will excite the circuit 
to a considerable extent, causing it to oscillate at its own frequency, as well 
as at the frequency of the signal wavc.^ In other words the selectivity 
of reception of a spark signal is fixed, not only by the decrement of the 
receiving circuit, but also by the decrement of the wave-train itself, which, 
of course, is that of the transmitting station; thus more or less inter¬ 
ference always exists bidween spark stations, if the wave lengths are 
close to one another. 

If we consider the effect of continuous waves at the receiving station, 
the conditions will lie somewhat different. The incoming energy forces 
the receiving circuit to oscillate at its own signal frequency, except at 
the beginning, when the forced and natural oscillations are coexistent 
for a few cycles. Therefore if this circuit is not tuned to resonance with 
the incoming signal and does not possess abnormal resistance values 
(which would flatten out its resonance curve), the current flowing will 
be very small and the signal strength extremely weak, under all conditions 
of adjustment except that of resonance. Thus the selectivity is good, and 
the station will receive no messages except those for which it is tuned. 

2. Increased Range of Transjtiission .—This follows from the fact 
that with continuous-wave transmission, the energy is radiated at and 
concentrated into, essentially one wave length, instead of being spread 
over a number of wave lengths, as indicated by ih? energy distribution 
curves discussed in Chapter V, p. 426. The greater the amount of energy 
we can thus concentrate into one wave length, the further will be the 
distance penetration or propagation of this energy, and stations may be 

^ See Chapter III, p. 351. 
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reached at much greater distances from the sending station than with 
the spark transmitter.^ Also, for the same range, less power is required 
than with the spark transmitter, and the transmission efficiency thus 
improved. 

3. AiUenna Voltages Decreased .—Since the energy is radiated in a 
continuous stream, when a signal is being sent, and not in groups, it follows 
that for a given power in the antenna the amplitude of the oscillations 
need not be so great. For example, if we assume 1000 sparks per second, 
a decrement of 0.1, and a 300-metcr wave, the time per second during which 
energy is radiated - is: 

^•7 

1000X^Xl0-‘* = 0.047 second 

= 4.7 per cent (rf the total time; 

whereas with continuous-wave transmission the time would be 100 per 
cent. It is therefore obvious that if much power is to b(' radiated by the 
damped wave-transmitter, comparatively high oscillation amplitudes 
must be used, that is, the energy associated with a group of waves, for a 
given amount of energy radiat(Hl second, must be high, since energy is 
radiated only during a small fraction of the time. Thus a given antenna 
will have a greater possible energy radiation on continuous waves, since 
the energy may be radiated continuously. An advantage of thus decreas¬ 
ing the required amplitiuk? of oscillation for a given radiation is the reduc¬ 
tion in required voltage, thus decreasing the construction difficulties 
encountered in extremely high-voltage apparatus and antennas (due to 
corona losses, insulation requinanents, etc.). 

4. Adjustment of Signal Note .—With dainped-wave transmission this 
characteristic is a fixed ciuantity which cannot be adjust(al by the receiving 
op)erator, and is det(Tmined entir(4y by the transmitt(‘r group frequency. 
With the undamped-wave receivers (described on p. G34), this can be 
varied, over wide limits, to a value most suitable to the operator for dis¬ 
tinguishing from strays. The adjustability of the note of the received 
signal also serves to a remarkable degree to eliminate interference from 
other stations; Ixicause of this feature another signal, differing in fre¬ 
quency from the true signal by perhaps 1 per cent, is actually inaudible. 

Summary .—The above advantage's combine to give to a continuous- 
wave transmitter a wonderful degree of selectivity and efficiency of trans- 

* The statement is true primarily because of the greater seusitivity of the receiving 
circuit adjusted for continuous-wave reception. The attenuation which occurs as a 
wave travels over the surface of the earth i.s probably the sjime for continuous, as for 
damped, waves. 

* On the assumption that radiation ceases when the current in the antenna has 
dropped to 1 per cent of its original value. 
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mission, very much higher than could be obtained with the damped- 
wave type. In addition may be mentioned the very important part 
which continuous waves have played in the development of radio telephony 
(see Chapter VIII), for which it is essential. 

High-frequency Undamped-wave Generators, —Continuous high-fre¬ 
quency oscillations may be produced by any one of the several schemes 
described below; all of these have been commercially developed and 
applied. The development and importance of vacuum tubes as generators 
of high-frequency oscillations has I>cen very rapid within recent years, and 
it is certain that this source of high-frequency power will soon replace all 
others. 

The several means of high-frequency power generation are as follows: 

(1) Poulsen Arc; 

(2) Alexanderson Alternator; 

(3) Goldschmidt Alternator; 

(4) Medium frequency alternator and frequency transformer; 

(5) Oscillating Tubes. 

Poulsen Arc,—A gn'at deal of work has been done in an effort 
to determine with exactness the action and theory of this type of 
generator, th(i best presentation being that of 
P. O. Pederson,' to which the readc'r is referred. 

In the discussion which follows, we have re¬ 
ferred largely to his paper and to certain earlier 
theory as developed by Barkhausen, to which 
Pedersen also makes refenmee. Much of the 
laboratory work done in the past is not ap¬ 
plicable to the modern arc generator, due to the 
wide divergence of the test arc and the arc 
generator as designed and constructed for com¬ 
mercial service. 

Elementary Theory—Instability of the Arc.—Consider the ordinary 
arc circuit indicated in Fig. 1 with the resistance R omitted for the present. 
The conduction of current through the arc is simply a case of conduction 
through an ionized gas, in this case vaporized carbon or copper at a very 
high temperature. Initially, this arc stream of ionized gas is not present, 
so that to start the current flow in the above circuit, it is necessary to bring 
the two electrodes in contact. The intense heat developed by the current 
passing through the point of contact vaporizes some of the electrode 
material, and as the electrodes are separated a vapor stream or arc of 
ionized gas is produced which forms a conducting path for the current. 

^ “On the Poulsen Arc and Its Theory,” Proc. I.R.E., Vol. 5, p. 256, 1917. 


R 



Fig. 1. —The ordinary 
arc has to have a sta- 
hilizinjjj resistance in 
series with it, or else 
it is inoperative. 
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The ionization is assisted by the high temperature of the arc and the 
bombardment of the negative electrode (cathode) by the positive ions, 
this dissociating the electrode into positive ions and electrons, the latter 
then being attracted to the positive electrode (anode). 

As is the case for practically all gaseous conductors, the resistance 
of the arc decreases as the current increases. This will be apparent 
when it is recalled that the resistance of the arc depends on its state 
of ionization which, in turn, depends on the heating or vaporizing forces 
which act on the electrodes, caused by the current flowing through the 
circuit. Stated briefly, the more current we pass, the more ionized vapor 
we have, and the more ionizcnl vapor, the “ fatter ” the arc and the lower 
the resistance. If the resistance decreases with current fast enough, the 
IR drop will decrease, even if the current incr(‘ases, and this is always 
the case in the actual arc. The current and volfage relations of such 

a conductor would ap|X'ar as shown 
in the curve of Fig. 2, known as the 
^‘static characteristic” of the arc; 
this name arises from the fact that it 
is obtain(‘d from a seri(‘s of fixed 
(static) current values together with 
lh(* corres[)()n(ling voltages. (See Figs. 
42 and 413 of Chap. II.) 

Thus, if an arc were connected 
directly across a constant-potential 
supply, a short-circuit condition might 
be immediately attained, the voltage 
inipres.sed always being above the 
value re(|uir(Hl for eciuilibrium and the 
current thus continually increasing to mak(^ IR = E. Since R is very small 
for a large current, the condition would be eciuivahait to a vshort-circuit. 
On the other hand, if the voltage impressed corresponded to a. Fig. 2, and 
the current started to decrease below the value 6, then the arc current 
would continually decrease until the arc was extinguished. 

Stabilizing Effect of Resistance. —The above phenomenon represents 
an unstable condition, in which the IR drop dt^creases automatically with 
increase in current. A stable circuit is om^ in which the IR drop increases 
with current, and to stabilize the arc .it is necessary to add additional 
resistance R in tho circuit, as indicated in Fig. 1. This resistance is the 
familiar ballast resistance used on all arc lamps, and the conditions 
now existing in the circuit are shown in Fig. 3, an inspection of which 
will indicate how the circuit has been stabilized. 

Considering curve A, the operation is stable for all currents 
greater than /, and is unstable for currents below this value. Thus, 



Fig. 2.—Relation of current and volt 
age across an ordinaty arc. 
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on the stable portion of the curve, a decrease of voltage results in a 
decrease of current, and thus a decreased Hi drop across the re¬ 
sistance. The voltage across the arc therefore rises, and initial con¬ 
ditions are restored. The current value may be controlled by varying 
the terminal voltage, as shown by the two current values a and h on 
the characteristic curve or by changing the amount of ballast 
resistance used, as shown by the current values a and a' for two 
different characteristics A and B for the same terminal voltage. If 
impressed voltage is reduced 1o the minimum value (£' for curve 
B) then the arc may operate or may go out. This point is therefore 

called the point of “ indifferent 
stability. 

The function of the ballast 
resistance is thus to stabilize the 
operation of the arc for slow 
^ changes of voltage. Commercial 

e' 


^Arc 

I.\re 




Fia. 3.—Showing the “drops” oerurring in 
the arc ccjuippcd with balla.st resistance; 
sufficient series jc>sis(aiice must l)e used 
to make the resistance drop across the 
combination of ri'.sistance and arc in seri(‘s 
increase wifli tlie current. 


Fig. 4.—If a circuit of L and C in series 
is shunted around an arc supplied from 
a coniinuous-current jeeneratorthrough 
choke coil L\ an alternating current 
will flow in the circuit made up of L, 
C, li, and arc in series. 


arc generators liave this resistance short-circuited when operating steadily, 
to increase (h(‘ (dficiency, the inductance and inherent resistance of the 
circuit being sufficient to stabilize the circuit. 

Effect of Inductance—Choke Coils.—If a very high inductance is 
inserted in the circuit as shown at U (Fig. 4) very quick changes of 
generator current are minimized and prevented to a large extent. Thus 
if a sudden increase of generator voltage occurred, the current would 
tend to increase, and would increase slighthjj setting up a counter e.m.f. of 
self-induction in L', which would minimize the variation of current. 
It is important to note that the inductance, in order to be effective, 
requires a variation in the current flowing through it, and the arc 
supply is therefore not strictly a constant-current source. This 
variation may be made extremely small, however, by using large in¬ 
ductance values. 
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A Simple Explanation of the Operation of the Oscillating Arc. —If a 

condenser, in series with an inductance, is connected to a source of electric 
energy, of voltage the current which flows after closing the switch is 
an oscillatory one,^ its frequency being fixed by the natural period of the 
oscillatory circuit and its magnitude depending upon the voltage £’, 
and the ratio C/L. This oscillatory current dies away due to the damping, 
and the condenser is finally charged to a potential difference Ey and there 
is no current in the circuit. 

Suppose an arc, connected as in Fig. 4, is burning steadily (switch in 
the oscillatory circuit being open), with a difference of voltage across the 
two electrodes equal to E. When the switch is closed the current flowing 
in the L, C, R circuit is given by “ 



sin (X)t, 


( 1 ) 


Now by inspection of Fig. 4 it is evident that this current must be 
robbed from the arc, because the value of 1/ is always chosen large enough 
to prevent rapid variations of current from tiie geru'rator. Hence when 
the current i starts to flow the arc current starts to decrease, being always 
equal to lo — i. But we have seen that it is a characteristic of the arc that 
when its current decreases the voltage across it increases; hence Kq. (1) 
does not correctly represent the current into the condenser, unless E is 
made to depend on ^ for its value. Actually the curnait is gr(‘ater than 
indicated by Eq. (1), because of the increase* in E during the time i is 
flowing in the direction indicated in Fig. 4. 

The increase in E during the first alternation is not great, because 
the amount of current taken by the condenser is only a small fraction of 
the arc current. Thus if the arc is burning with 50 volts across the gap 
and a current of 10 amperes is flowing, tin* decrease* in current upon first 
closing the switch (Fig. 4) will probably be less than 10 per cent of the 
arc current. The value of V L/C u.sed in the oscillating circuit should not 
be less than about 50; the normal value is perhaps 200. This value sub¬ 
stituted in Eq. (1) shows that during the first alternation of the oscillatory 
state the maximum value of condenser curr(*nt will Ik* less than 1 amp(^re. 
The condenser will charge up to a voltage about twice that of the arc ^ 
and then start to discharge; the curr(*nt during discharge adds to the 
current through the arc and thus gives it greater than normal value. 
This results in a d^rea.se in voltage acrons the arc, thus tending to facilitate 
the discharge of the condenser, thus producing a greater discharge current 
than would have occurred if the arc voltage had held constant. 

' For analysis of this action sec Chapter III, p. 330. 

*Eq. (11), p. 290; see also Fig. 39, p. 331. 

^ See Chapter III, p. 330. 
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It will thus be seen that the voltage-current characteristic of the arc 
tends to give a greater current in the condenser during both the charge 
and discharge periods, than would occur if the arc voltage were independent 
of the current through the arc. 

Now the current flowing into the oscillatory circuit is supplied when 
the arc voltage is higher than normal and the current flows out of the 
oscillatory circuit (against the influence of the arc voltage) when the arc 
voltage is less than normal. As energy is being supplied to the oscillatory 
circuit during the charge and extracted during the discharge, from the 
conditions just cited it is evident that more energy is supplied to the oscil¬ 
latory circuit from the arc supply circuit during the charge than is given up 



Fig. 5.—A simple explanation of the osrillatiiiK are can he obtained from these curves; 
curves .1 show the start of oscillations and curves B give the conditions when the 
oscillations have reached the steady state. 


to the arc during the discharge. Unless too great a resistance is present 
in the oscilbitory circuit this action results in a building up of the current 
in the oscillatory circuit, and this building up will increase until the maxi¬ 
mum value of the oscilltitory current is practically equal to the generator 
current, /o. 

This action is shown by curves A of Fig, 5, which are nearly self- 
explanatory; the current in the oscillatory circuit is taken as positive 
when it is flowing in the direction indicated in Fig. 4. The lower curve of 
Fig. 5 is the product of the current / and the voltage acting on the oscilla¬ 
tory circuit. Area A gives the energy supplied to the oscillatory circuit 
by the arc during the first alternation, and area B gives the energy supplied 
by the oscillatory circuit to the arc during the second alternation. The 
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differencey A~By gives the energy supplied to the oscillatory circuit during the 
complete cycley and if this is greater than the PR loss in the oscillatory circuit 
during the cycky the oscillatory current mil continue to increase until some 
other factor controls the action. 

The excess of area A over area B depends upon the arc characteristic, 
being greater as the characteristic curve (Fig. 2) becomes steeper; as to 
whether or not the excess is sufficient to build up oscillations depends 
upon the resistance of the oscillatory circuit. These two factors control 
completely the operation of the arc; it must be remembered, however, 
that the relation between arc voltage and arc current used in plotting 
Fig. 5 must be determined from the oscillatory state because the static 
characteristic gives too great a difference in areas A and B. I'he vari¬ 
ation between the static characteristic and dynamic characteristic increases 
with frequency, in such a way that at high frequency (say 500,000 cycles 
per second) the difference between areas A and B is not sufficient to pro¬ 
duce much oscillatory power. 

A simple arrangement of apparatus which has nearly the same action 
as the arc is shown in Fig. 6. A source of e.m.f. is connected to a resis¬ 
tance R which is fitted with a sliding contact, B. Between the lower 
point of the resistance R and the contact B is connect( h 1 an oscillatory 
circuit consisting of L and (’ in series. 

Suppose that, with B in the middle of Ry switch iS is closed; current 
will immediately start to flow as indicat(‘d by i, charging condt'iiser C. 
Now as C starts to charge contact B is moved up on Ry thereby increjis- 
ing the voltage impressed on the L C circuit. The motion of B is so 
regulated that it reaches B' in an interval just ecjual to one-quarter of 
the natural ptTiod of L C; it then starts to move down on R and 
reaches point B" in an interval ecjual to one-half of the natural period of 
L-C. Thereafter, the contact oscillates between B' and B"y making a 
complete cycle in a time eepial to the natural period of L (\ 

Such an arrangement will result in th(‘ building up of a large oscillating 
current in the P-C circuit, the magnitude being limited only by the volt¬ 
age E and the resistance of the oscillatory circuit. 

Types of Oscillation. The* types of oscillation which may be gener¬ 
ated have been arbitrarily designated by Zenneck on the; basis of the 
minimum arc current value as follows: 

Type I. Minimum current is greater than zero. 

Type* II. Minimum current is equal to z(‘ro. 

Type III. Type II with immediate re-ignition, resulting in produc¬ 
tion of trains of dam peal oscillations. 

This classification is based upon the fundamental action of the arc: for 
•ietails see the reference noted. 
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Normal Poulsen Arc.—The three classes of oscillations mentioned 
above do not in any case exactly apply to the operation of the modem 
Poulsen arc. Present generators of all capacities up to 1000 kw. (input) 
utilize what has been designated as the “ normal Poulsen arc.” In this 
arc the ratio of direct current in the supply circuit to the radio frequency 
current (effective value) is always nearly equal to the \/2, or: 

Lc = \/2/«c 


where lac is the effective value of the current in the oscillatory circuit. 

The normal arc therefore represents the division limit between oscil¬ 
lations of type I and type II, its characteristics being somewhat similar 
to those of type I, as shown in Fig. 7.’ 


Professor Pedersen in his paper, previously referred to, emphasizes 


the importance of the ex¬ 
tinction voltage on the char¬ 
acteristics of the normal arc. 
As the arc current approaches 
the zero value, the arc volt¬ 


s' 




Fia. 6.—A simple eirouit which 
may he made to ofierate the 
same as an oscillating arc. 



arc. 


age suddenly rises, as shown by the lower curve of Fig. 7. The arc must 
be able to develop this voltage if operation is to be efficient. The early 
theory neglected this portion of the characteristic, principally because 
investigators worked with comparatively long arcs. 

It seems to the author that the curves of Fig. 5 represent the condition 
better than the curves shown in Fig. 7. If the action shown in Fig. 5 is 
continued for many cycles the difference l)etween the arc voltage during 
charging of the oscillatory circuit condenser and that during discharge 
continually increases; this is indicated by curves B of Fig. 5, which repre¬ 
sents the condition perhaps 100 cycles after the oscillations start. 

It is to bo noted that here the current has reached a steady value 
(fixed amplitude) and that the arc voltage pulsates between perhaps 25 
* Zenneck, “Wireless Telegraphy,” p. 236. 



720 


CONTINUOUS-WAVE TELEGRAPHY 


[Chap. VII 


volts and a very high value, that corresponding to practically zero current 
in Fig. 2. Fig. 5 brings out a relation seldom mentioned by writers, 
that the reading of a c.c. voltmeter across the ar6 is about 50 volts before 
oscillations begin, but immediately jumps to 300 or more when oscilla¬ 
tions start; in fact the reading may be as much as perhaps 500 volts if 
a sufficiently high-voltage power supply is used. A c.c. voltmeter reads 
average values, hence the change in reading from 50 volts to 300 volts 
indicates that the maximum voltage across the arc may be 1000 or more; 
as the duration of this high voltage is only a small fraction of a cycle 
its value may be three or four times the average value, i.e., three or four 
times as much as indicated by the reading of the c.c. voltmeter across 
the arc. 

Practical Construction of the Arc Generator or Converter. —To increase 
the power, efficiency, and constancy of frequency of the arc generator, sev¬ 
eral special devices are employed. These devices are the result of extended 
investigations carried out by V. Poulsen, and their application has been 
primarily responsible for the rapid development and commercial success 
of this type of generator. Previous to this time many investigators had 
utilized the fundamental arc circuit, but had not succeedcal in obtaining 
sufficient high-frequency energy to permit the operation being considered 
a practical success. Poulsen’s investigations offered the first solution 
and demonstrated that the simple arrangement of Fig. 4 would give 
undamped oscillations at constant radio freciuencies and sufficient energy 
for the purposes of radio telegraphy and telephony if modified as follows: 

1. The arc is caused to take place in hydrogen, or a gas rich in hydrogen. 

2. The positive electrode is kept as cool as possible, and therefore is 
constructed of some material having a high heat conductivity, usually cop¬ 
per, cooled by circulating water. The negative electrode is of carbon and is 
rotated slowly on its axis while the arc is in operation, to improve the 
regularity of the oscillations. 

A water-cooled shoe, placed in close sliding contact with the cylindrical 
surface of the carbon electrode at its tip, has also been found ^ to improve 
the regularity and steadiness of the arc by limiting its travel along this 
electrode. This arrangement also ix^rmits “ one peak operation as 
shown in Fig. 5 instead of ‘‘ two peak operation as shown in Fig. 7. A 
purer wave is thereby radiated, minimizing interference caused by har¬ 
monics. 

3. The arc is acted upon by a transverse magnetic field, which assists 
in the rapid de-ionization (scavenging) of the gases in the arc. The electro¬ 
magnets supplying this magnetic field'are sometimes connected directly 
in the supply circuit as indicated schematically in Fig. 8. 

The strength of this field affects the characteristics of the arc to a 
* See ^^Some Improvements in the Poulsen Arc." P. O. Pedersen, I.R.E., Oct., 1921. 
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considerable extent, and if not of the correct value, inefficiency and incon¬ 
stancy of oscillation result. As expressed by Professor Pedersen: The 
arc should burn in the weakest field in which it works normally, only 
igniting once a period, and always on the electrode edges. Both stronger 
and weaker fields require excessive supply voltage. This is therefore the 
most suitable field intensity—the one giving the highest efliciency and 
the most constant behavior of the arc.^^ 

If the field is made too strong, the increase in resistance, due to the 
stretching out of the arc as it is being extinguished, causes the extinction 
voltage (the potential across the arc at the instant the arc current has 
fallen to zero) to reach excessive values. This excessive voltage may 
cause a re-ignition of the arc across a shorter path and interfere with the 
constancy of the oscillations. 

If the field is too weak, the conditions for successive arcs (in successive 
cycles) are not constant, due to the fact that ignition does not take place 
from the same point of each electrode, but from the points where the pre¬ 
ceding arc existed at 
the instant of being 
extinguished. The arc 
length thus grows suc¬ 
cessively longer and 
longer until the arc 
can no longer ignite 
across the longer dis¬ 
tance.^ Ignition then 
takes place between 
the electrode tips again and the process is repeated. This also causes a 
variation in the frequency as the conditions for successive arcs are not con¬ 
stant (arc resistance, charging period, etc.). Since the proper action of the 
field consists in blowing out the arc and allowing a new arc to form at the 
beginning of the next period, it is evident that its intensity will depend 
on the frequency to be generated. Pedersen has found the proper field 
intensity to be approximately proportional to the frequency. Thus with 
an arc drawing about 20 amperes from the supply line, and an oscillatory 
circuit with a ratio of \^L/C about 300, Pedersen found the most suitable 
field strength to be given by the relation (H+400)X = 5000, in which H 
is in gausses and X in kilometers. With a hydrogen atmosphere it seemed 
that a field about one-fifth as large as this was proper. 

Action of the Gaseous Atmosphere. —The hydrogen or coal gas in 
which the arc usually operates assists in cooling the electrodes, and thus 
when the arc current falls to zero, the cooling action of the gas promotes 

^ The reader is referred to the photographs iu Pedersen^s paper for evidence of the 
correctness of these statements. 



^ Antenna 
Circuit 


Fig. 8. —Connection scheme for producing alternating cur¬ 
rent in an antenna by an arc. 
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a rapid increase in the arc resistance (de-ionization). It also affects the 
static characteristic, making it steeper than in air, as shown in Fig. 43, 
p. 206. 

The reason for the hydrogen atmosphere thus steepening the curve 
is not known, but the effect of this increase in slope upon the arc operation 
is evidently to cause the arc voltage variation (which in turn acts to 
charge the condenser) to be more sensitive and of greater amplitude for 
a given arc current variation. The radio-frequency energy input is thus 
increased. 









Fig. 9.—A 500-kw. Poulsen arc converter; over the operator’s head is the anode ter¬ 
minal and on the ri^^ht is shown the pipe for carrying off the exhaust gases from 
the arc chamber. (Proc. I.R.E., Vol. 7, No. 5.) 


The foregoing features of construction are embodied in all modern 
arc generators. Fig. 9 illustrates a 500-kw. arc (input rating), which 
is much less than the maximum capacity to which generators of this type 
have been built up to the present time. 

Generators of 1000-kw. capacity are of the same general construction, 
but somewhat larger in size. The arc chamber is equipped with a water- 
cooled jacket to assist in cooling the chamber, while the copper anode 
has circulating water supplied to it by means of flexible pipe connections. 
The negative electrode is usually of carbon, although graphite is being 
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largely used for the higher capacity arcs. The anode, as shown in the 
figure, is equipped with handwheels to permit the accurate adjustment 
of the gap length. The smaller wheels shown are used for clamping the 
electrode into its proper position. The enormous size of magnetic circuit 
apparently required for these large capacity generators is indicated in 
Fig. 9 as well as in Fig. 10, which shows the generator with the electrodes 
and arc chamber removed. The circuit shown in the latter figure is for 
a 500-kw. arc; the upper pole piece has been removed. 

Arc generators are most efficiently used at the longer wave lengths 
and are therefore usually operated at 3000 meters or above, 6000 meters 
being the wave length generally used. In some cases the wave length 
is as high as 18,000 meters. The capacities range from 100 kw. or less 
up to 1000 kw.; 350-kw. arcs are generally us(h1 for high-power land sta- 



Fig. 10. —Mapjnetic field structure for a 500-k\v. converter; the proper form of pole 
piece has been the subject of considerable study. (Proc. I.R.E., Vol. 7, No. 5.) 

lions. Small-capacity arcs, with a capacity of 20-30 kw., have been in 
successful use on board ship. The usual wave length is 4000 meters, 
and the sets have a transmission range of perhaps 2000 miles in the day¬ 
time. There have been a few small arcs (2-kw. input) constructed, 
which when fed from a 600-volt line seem to operate reasonably well for 
wave lengths as short as 800 meters. 

Typical Installations. —The Annapolis station of the U. S. Navy 
Department is a typical example of an arc converter installation. Two 
350-kw. converters, each capable of supplying 400 amperes of radio-fre¬ 
quency current to the antenna circuit, arc installed; the maximum voltage 
impressed on these arcs is 1500 volts. A unique feature of this station is a 
provision for melting the ice from the antenna wires by current supplied 
from the two 400-kw. d.c. generators (connected in multiple) which are 
normally used to supply the converters. 
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Another typical plant is the Lafayette station located in France. Two 
arc converters, each capable of supplying 500 kw. of high-frequency power 
to the antenna, are installed, each supplied by a d.c. generator rated at 
1000 kw. The normal wave length is 20,000 to 25,000 meters (15 to 12 
kc.), a signal speed of 50 words per minute being attained. 

Arc converter stations are also located at Lyons, San Diego, Pearl 
Harbor, and Cavite; these representing the largest and more recent 
installations. The general features are similar to those of stations already 
described. 

For detailed installation and construction details of a large arc station 
the reader is referred to an article l)y DeCroot in Proc. l.ll.E., Vol. 12, No. 
6, Dec., 1924, in which the high-power Dutch station at Malabar, Java, is 
described. 

High-frequency Alternator.—The generation of high-frequency cur¬ 
rents by means of machines similar in their principles of construction 
to the huge alternators which supply the modern central-station loads, 
has doubtless occurred to the student. The extremely high frequencies 
required, however, necessitate machines of special design which require 
an exceptionally high grade of engineering skill in their construction. 
Alternators for supplying loads of commercial frequency may be any one 
of the three following types: 

I. The armature is the rotating element, the d.c. field being stationary. 
This arrangement is similar to that employed on all d.c. generators but 
is rarely used on alternators, particularly the large sizes. 

II. The field rotates with respect to the armature, which is fixed in 
position. This construction possesses several advantages over type I, 
particularly due to the lesser insulation requirements of th(j field winding 
and its greater simplicity as compared to the armature winding. This 
construction is universal on all modern alternators. 

III. Both the field and armature windings are stationary in space, 
the flux Unking the armature winding being periodically varied by means 
of an inductor, revolving in the air gap. This inductor is essentially a 
disc whose periphery has been divided into sections, alternate sections 
possessing a high magnetic reluctance, while the intermediate sections, 
which are made of steel, possess a relatively low reluctance. This type 
is practically unused in the low-frequency machines of commercial engineer¬ 
ing, but possesses several inherent advantages which make it the most 
satisfactory of the alternators designed for high-frequency generation. 
Since both windings are fixed in position, their proper insulation is much 
simplified. Very serious difficulty is encountered when it is attempted 
to place an insulated winding on the revolving member (rotor), due to 
the high peripheral speeds and consequently high centrifugal stresses 
involved. 
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Design of the High-frequency Alternator. —That a special construction 
and design is required may be seen from the following: if we consider 
a machine of the inductor type having a maximum permissible speed of 
20,000 r.p.m. and a required frequency of 100,000 cycles per second, the 
rotor diameter being assumed 30 centimeters, the distance through which 
a point on the rotor moves in generating one cycle is 



Therefore, in this small space we must have a section of high reluctance 
(for instance, bronze) and a section of low reluctance (steel) so that a 
complete cycle of flux variation from 
minimum to maximum and back to 
minimum occurs while the inductor 
moves through this space. Special 
precautions in design and materials 
used must bcobs(‘rv(Hl if the hysteresis 
and eddy-current losses are to be 
minimized, as these become very large 
at the higher fre(|uencies. 

Construction.—The construction 
of the Alexanderson high-frequency 
alternators (first sugg(‘sted, and first 
ones built, by R. A. Fessenden), is in¬ 
dicated in Fig. 11. 

The pole pieces BB are threaded 
into the yoke A as indicated, the 
air gaps being thus accurately adjust- pjQ n —Simplifiod rmss-section of an 
able. The pole tips NSiiiv of finel}’' Alexantlerson alternator, 

laminated high resistance steel to 

reduce eddy-current losses and are slotted for the armature winding. The 
field windings WW are installed as shown, and with a steady direct current 
flowing through them, set up a flux as indicated in the diagram. It is 
evident that the reluctance of this circuit will vary as the inductor R 
rotates between the two faces of the air gap. This inductor is properly 
designed for the high stresses which exist when it is operated at its rated 
speed of 20,000 r.p.m. The rim velocity under this condition is about 
300 meters per second and the centrifugal force at the periphery is 68,000 
times the weight of metal there. 

A developed view of the winding and rotor is shown in Fig. 12. If 
we consider the loop formed by conductors 6-7, the flux linking it will 
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be a maximum with the inductor in the position shown. As the inductor 
moves to the right, the tooth e is replaced with a non-magnetic insert 
and the flux decreases to a minimum value. Then as the inductor con¬ 
tinues to move to the right the tooth d enters the loop 6-7 and the flux 
increases again to a maximum. The variation of flux and corresponding 
induced voltage (E=d(l>/dt) is indicated on the figure. It will be noted 
that a complete cycle is generated while the rotor travels a distance 
represented by the tooth pitch (distance of a point on a tooth to similar 
point on adjacent tooth). The frequency is thus equal to the number 
of inductor teeth multiplied by the revolutions per second. 



The effective number of poles for this type of machine is evidently 
twice the number of inductor teeth or spokes. Thus to generate 100.000 
cycles we would require 

/ 100,000 , , . , 

N = — =-= 300 spokes on the inductor. 

rp8 20,000 * 

60 

An examination of the winding indicates that loops 2-3, 10-11, etc., 
pass through the same flux variations as loop 6-7, and as these loops 
are all connected in series the voltage will add up around the periphery. 
The same analysis holds for loops 4-5, 8-9, 12-1, etc. The windings are 
brought out to separate terminals and may thus be connected in series 
or parallel, whichever may be most suitable for the conditions involved. 
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It should be remembered that two similar windings are placed in the 
pole tip on the other side of the air gap, which arc not shown in the figure. 
Thus the operator has four or more separate windings which he may con¬ 
nect in any arrangement most desirable for his conditions. On the typical 
alternator, each coil has its terminals brought out, there being 64 such 
coils. 

On the normal inductor generator, the number of armature slots is 
always equal to the effective number of poles. In the Alexanderson 
machine the number of armature slots may be two-thirds the number of 
poles. This is a distinct advantage, as more space and more thorough 
insulation is thus permitted for the winding. Thus in the figure, we have 
between the lines xx, twelve armature slots and nine inductor spokes, 
which represent eighteen effective poles, or the armature slots are two- 
thirds the effective poles. 

''fhe greater the flux variation (dejy/dt) the greater will be the generated 
voltage. By decreasing the air gap the effect of the inductor on the flux 
becomes more pronounced and thus the generated voltages increase. On 
a certain machine, witli a minimum permissible air gap of 0.004 inch (for 
each of the two gaps), the voltage generated was nearly 300 volts. With 
the air gaps increased to 0.015 inch each, the voltage decreased to 150. 
(Eccles.) Similarly, the output capacity increases as the air gap is de¬ 
creased and vice versa. 

The highest frequency for which these machines have been constructed 
at the present time (1927) is 200,000 cycles per second with a capacity 
of about 1 kw. Machines of 50 kw. and greater have been constructed, 
the frequency, however, being lower for these higher capacity machines, 
from 50 kilocycles to 20 kilocycles. A 2-kw., 100,000-cycle generator is 
indicated in Fig. 13, showing the driving motor, normally operating at 
2000 i.p.m., connected through special 1 : 10 gears to drive the alternator 
shaft at 20,000 r.p.m. This general arrangement is followed on all alter¬ 
nators of this type, the gear ratio decreasing as the capacity increases. 
On some machines the driving motor is connected to the low-speed gear 
shaft by means of a chain connection. A view of a piece of one armature 
of a 2-kw., 100,000-cycle machine is shown in Fig. 14. 

As might well be supposed, the high-speed machines are not as reliable 
in operation or as easy to maintain as a low-frequency machine of the same 
power. The bearings of the machine shown in Fig. 13 are flexibly fastened 
to the bed plate of the machine so that as the armature shaft expands 
each bearing will move away from the rotor disc equally, thus maintain¬ 
ing the two air gaps equal. Forced oil feed must be used for the bearings 
and for the larger machines, pipes carrying cooling water are liberally 
distributed throughout the structure of the machine. 

The high peripheral speed of the disc results in a very rapid circulation 
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of air through the two air gaps, causing considerable noise and power 
consumption. The small machine shown in Fig. 13 requires about 7 h.p. 
to turn the disc at rated speed, the machine not being loaded. 


High frequency n • • 

generazor/ , 

20,000 ram. J motor 2,000 Kp.m. 



Fig. 14.—A view of a section of one armature of the machine in Fig. 13. 


appreciable power; a small 200,000-cycle machine will scarcely deflect 
a voltmeter across its terminals unless a proper condenser is connected 
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across the armature terminals to neutralize the effect of its armature 
inductance. 

Connection to the Antenna. —The armature winding may be directly 
connected to the antenna as shown in Fig. 15(a), or it may be inductively 
coupled as shown in Fig. 15(6), by using an oscillation transformer. In 
either case the antenna circuit must be tuned to the frequency of the 
alternator if maximum output is to be obtained. If the 2-kw. 100,000- 
cycle machine is considered, its reactance at this frequency with normal 
air-gap, may be taken as 5.4 ohms or 


L = 


5.4 

27rX 100,000 


= 8.58 fih. 


Thus the antenna capacity (Fig. 15(a)) must be such that 
3000 = ISHbVTc = 1885V 8.58C 


or C = 0.3 microfarad. It is evident that the direct connected scheme 

(Fig. 15(a)) could not be 
used unless a suitable load¬ 
ing inductance (L') were 
added, as antennas are not 
built with such a high ca¬ 
pacity. The arrangement 
utilizing an oscillation 
transformer (Fig. 15(6)) 
would most probably be 
used in any case. The 
maximum continuous load 
of this machine is 30 am¬ 
peres at 70 volts, or the 
equivalent antenna circuit resistance as measured at the terminals of the 
generator must thus be 70/30 = 2.3 ohms. 

Application.—A few years ago the Alexanderson alternator had attained 
a position of great commercial importance, particularly the lower-frequency 
machines (20,000-50,000 cycles) of large capacity. The inherent dis¬ 
advantages of this type of generator due to the high speeds and complica¬ 
tions attendant thereto, such as lubrication, etc., apparently prevent it 
from representing a practical means of generation on board ship, or for 
small-power installations or portable field service. For high-power land 
stations, however, engaged in transoceanic and transcontinental service, it 
has proven very successful in application and performance. The earliest 
successful station utilizing this type of generator was located at New 
Brunswick, N. J., where a 200-kw. set was installed. This equipment 




Fig. 15.— Two schemes for connecting a high-frequency 
generator to an antenna; that shown in (6) is gen¬ 
erally used. 
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is shown in Fig. 16. For a further description of this machine and sta¬ 
tion the reader is referred to a paper by E. F. Alexanderson.^ 

One of the chief difficulties in the operation of a high-frequency 
alternator is the accurate control of its speed. An almost impercep¬ 
tible change in alternator speed will result in the pitch of the signal 



/i/ejeanJir 6cn ^oo ^ a//er na A> /• 
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Fig. 16.—Views of a high-powered Alex- 
anderson generator; over the alternator 
(in the lower view) may be seem the os¬ 
cillation transformers which connect the 
generator to the antenna. 

the antenna circuit) which is tuned 


note at the receiving station chang¬ 
ing several octaves. That the Alex- 
anderson generators are controlled 
in speed to better than 0.1 per cent 
can be told at once by noting the 
constancy of pitch of the signal 
received from one of these machines. 
An ingenious arrangement of relays 
operate on the driving motor so as 
to malvo its speed essentially con¬ 
stant. 

The speed must be held con¬ 
stant regardless of voltage or fre¬ 
quency fluctuations of the supply 
to the driving motor, as well as 
load fluctuations caust'd by opera¬ 
tion of the sending key. Fluctua¬ 
tions due to the latter are mini¬ 
mized by a system of relays operated 
synchronously with the telegraph 
key, these' relays in turn varying 
the voltage applied to the driving 
motor and motor rotor resistance 
so that the motor torque is made 
equal at all times to the load. This 
assumes a polyphase induction 
motor as the prime mover. With 
a d.c. driving motor the scheme 
indicated in Fig. 39, p. 754 is suc¬ 
cessfully used. 

Speed variations due to fluctua¬ 
tions in supply are minimized as 
follows: the alternator supplies a 
small tuned circuit (in addition to 
o a frequency slightly different from 


that at which the set normally operates. With nonnal frequency a certain 


current will flow in this circuit; if the frequency increases or decreases, 


1 “Transatlantic Radio Communication,” Proc. A.I.E.E., Oct., 1919. 
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however, a correspondingly large change in this current will occur. Part 
of this local circuit current is rectified and, through relays, is made to 
control the supply voltage. The response is practically instantaneous to 
changes in frequency and in practice a variation of about 3 meters, when 
sending at 15,000 meters, is normal. 

Typical Installations. —At the Nauen (Germany) station a 400-kw. 
high-frequency alternator, generating 1200 amperes, 450 volts, 6000 cycles 
at 1500 r.p.m., supplies the antenna system through a step-up transformer 
and two frequency-doubling transfonners. The normal frequency sup¬ 
plied to antenna is thus 24,000 cycles per second and radiated wave length 
is 12,500 met('rs. The overall efficiency (antenna power/driving motor 
input) is reported to be 66 per cent for X= 12.6 km., 56 per cent for X = 8.4 
km., and 53 per cent for X = 6.3 km. Signaling speed is 50 words per minute. 
A speed change of ^ per cent (7.5 r.p.m.) will reduce the radiated power to 
64 per cent of its maximum value; the Telefunken governor, with which the 
set is equipped, responds to a speed change of 0.01 per cent. 

At Port Jefferson, L. 1., two 200-kw. units of the Alexanderson type 
are installed. Wave' kaigths of 15,800 to 20,000 meters are used, a signal 
of 100 words per minute being attained. At the Paris Radio Central, 
three 500-kw. units of French design are installed for intercontinental 
transmission. Two different transmissions may be carried on simulta¬ 
neously; at a signaling speed of 100 words per minute the station output 
is 12,000 words per hour. J'he total capacity, transmittible and receivable, 
is about 2,000,000 words per 24-hour day. Photographic recording appa¬ 
ratus is used for receiving signals at this station. 

Comparison of the Arc Converter and High-frequency Alternator.— 
Although the oscillating tube is rapidly increasing in capacity, for high- 
power applications, the arc and high-frequency alternator form the two 
principal means for providing large amounts of high-frequency power at 
the present time. The following comparison of these is, therefore, of 
interest: 

The disadvantages of the arc may be stated as follows: 

(а) Efficiency is lower than for the alternator if compensating 
method of sending is used, viz., less than 40 per cent versus 
50 60 per cent. Space signal radiation is wasted and inter¬ 
ference is increased. 

(б) Oscillations are more or less irregular, producing upper har¬ 
monics and increasing interference. These upper harmonics 
are particularly troublesome when they correspond to natural 
frequencies of the antenna system being supplied. Thus the 
resonance curve of an antenna showed a pronounced peak at 
the 7th harmonic frequency. The arc converter supplying the 
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antenna contained this harmonic in its voltage wave and marked 
interference effects were experienced by short-wave stations 
operating in the vicinity, due to the large value of 7th harmonic 
current flowing in the transmitting antenna. In this case the 
interference may be reduced by coupling to the antenna circuit 
an absorbing circuit, tuned to the 7th harmonic, thereby insert¬ 
ing a resistance in the antenna, effective for the 7th harmonic 
current only. 

(c) The arc requires cleaning more frequently and more extensively 
than the alternator. Duplicate equipment must be provided. 

(d) Signaling speed is only about 60 words per minute, whereas 
the alternator permits a speed of 100 or more words per minute. 
The primary advantage of the arc lies in greater flexibility as 
to wave-length adjustment. However, it operates best at a 
certain value of X, and efficiency must be sacrificed if the wave 
length differs from this best value. This wave-length flexibility 
would be of importance in military applications but is of rela¬ 
tively little value in commercial work. 

The foregoing would appear to indicate that the alternator is superior 
to the arc. One must not overlook the fact, however, that the high- 
frequency alternator is a precise and delicate mechanism, requiring a 
high grade of supervision and care. Many other considerations, including 
financial and economic aspects, would have to be taken into account if a 
just and fair comparison is to be made. 

The Goldschmidt, or reflection type, Alternator—Theory. —This gen¬ 
erator, first brought out in commercial form by Dr. R. Goldschmidt, is 
based on principles which are radically different from those involved in 
the Alexanderson machine. These are: 

1. The magnetic field produced by an alternating current of frequency 
n, may be considered as consisting of two component fields, the magnitude 
of each of these fields being one-half the magnitude of the resultant total 
field and considered as rotating in opposite directions at frequency n. 

This is simply the theory of conjugate vectors and is illustrated in 
Fig. 17. Fig. 17A represents the normal derivation of a sine curve from 
a rotating vector while Fig. 17B utilizes the principles of conjugate vectors; 
the horizontal components of </>' and </>" neutralize one another, while the 
resultant vertical component is at all times as indicated by the sine curve 
to the right. Similarly, the current / could be represented in the same 
manner. The construction illustrates graphically the principle stated 
above. 

2. If a coil (rotor) is revolved in this alternating magnetic field at 
synchronous speed, it is apparent from the foregoing that the? component 
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fields will induce e.m.f.s of different frequencies, since they are rotating 
in opposite directions. If we assume the coil to revolve in a counter¬ 
clockwise direction, flux 0' will rotate with it, thus cutting no conductors 
and generating no e.m.f. in the coil. The other component </>" is moving 
against the rotation of the coil. Thus the frequency will be twice what it 
would be if the coil were standing still. Reviewing the above, two fre¬ 
quencies may be considered as being generated in the coil, viz.. 


f\=N — Nr (produced by </>') 
fi=N+Nr (produced by (/>") 



Fig. 17.—A stationary, pulsating, magnetic field may be represented by two rotating 
fields each constant in strength, rotating in opposite directions. Each rotating 
field has one-half the strength of the stationary pulsating field. 

since 

Nr = N, 

this becomes 

/i=0 

h = 2N. 

In these expressions N is the frequency of the alternating field, while 
Nr is the rotational speed of the coil expressed in cycles per second. There¬ 
fore, if the terminals of the rotating coil are connected together, a current 
will flow in the circuit whose frequency is 2Ny and a doubling of the initial 
frequency N has been obtained. It is evident that this double-frequency 
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current could be led to a second fixed coil, with a revolving coil placed 
in the influence of its magnetic field and a further doubling of frequency 
would result, if the coil is rotated at a frequency 2N. If the speed of 
rotation is N, as for the first case, the frequencies would be 

h = N-Nr = 2N-N = N 


f2 = N+Nr = 2N+N = M 


A practical example of these effects is found in the double-frequency 
component which appears in the d.c. field circuit of a single-phase alter¬ 
nator when the machine is carrying load. This is illustrated by the ondo- 
graph record shown in Fig. 18, in which the 60-cycle armature c.m.f. and 
the 120-cyclo (2A0 e.m.f. induced in a search coil on the pole are both 
shown. The field winding revolves at synchronous speed in an alternating 



Fio. 18. Ondograph recoril from a singlp-phase alternator; curve li, obtained from a 
search coil on the pole face, shows a frerjuency twice as great as that generated in 
the armature. 


field produced by the current in the armature winding. We thus have, as 
for the first case cited above 

/i=iV-A, = 0 

f2 = N + Nr = 2N. 

It has already been indicated how arlditional increa-ses in frequency 
might be obtained by using a numlter of machines (consisting of a fixed 
and movable coil) connected in cascade. However, instead of having 
the rotor currents excite a distant stator, it is more practical and econom¬ 
ical to have it react back on its own stator. The fundamental connections 
would then be as shown in Fig. 19. 
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Ili;^her Frequency. 
Clioke coil 


Connections for Increasing Frequencies in the One Machine. —The 

source of power, A, supplies current of frequency N to the stator winding 
jS and the rotor winding R rotates in this field at synchronous speed 
(in r.p.in.=A^X 120/no. of poles). There will thus be induced in R an 
e.m.f. of frequency N — N~0 and an e.m.f. of frequency iV'+A^ = 2A^. If 
the terminals are joined by a low-impedance path, a current of this fre¬ 
quency will flow in the rotor circuit. Associated with this current is a mag¬ 
netic field whose frequency is 2N. Recalling that we may represent this 
field by two oppositely rotating fields, whose frequency is 2N, it is evident 
that one component (the one revolving in the same direction as the 
rotor) will cut the stator at a frequency 2N-hJV = 3Ny while the other 
component will cut it at a frequency 2N — N = Ny corresponding e.m.f.s 
being induced in the stator circuit. If the terminals of the stator coil be 
joined by a suitable circuit, currents of 
these frequencies will flow. Further¬ 
more, the field set up by the triple¬ 
frequency current will induce in the 
rotor e.m.f.s of frequency 3iV —A” = 2 AT 
and 3N-\-N = 4Ny and currents of thcvse 
frequencies will flow in the rotor circuit. 

In turn, the current of frequency = 4A, 
will induce in the stator e.m.f.s of fre¬ 
quency 4A —A = 3A and 4A+A = 5A. 

Thus, if we assume an initial supply 
frequency to the stator of 10,000, we 
have transformed it by means of so- 
called electrical reflections ” outlined 
above, into a frequency of 5A = 50,000, 

which may be employed for radio-telegraph and radio-phone trans¬ 
mission. 

These several e.m.f.s may be tabulated as follows: 


s 

——1 

CM 

CM 

J 

1 



\ 

\ 



Fig. 19.—Conventional diagram of 
rotor coil R, and tuned stator cir¬ 
cuit S-Cy supplied with magnetizing 
current through choke coil. 


Stator 

A 

3A and A 
5A and 3A 


Rotor 

2A and 0 
4A and 2A 


If, instead of supplying alternating current to the stator winding, we 
employ direct current, the results are, similarly: 


Stator 

0 

2A and 0 
4A and 2A 


Rotor 

A 

3A and A 
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This is the usual arrangement for commercial machines, the source of 
supply being a storage battery or d.c. generator. 

Application of Tuned Circuits. —In discussing the reflection of frequen¬ 
cies we have indicated the coil circuits as being completed in the rotor 
by a short-circuiting resistance while the stator circuit is completed by 
a condenser. Since the coils themselves possess considerable impedance 
at the high frequencies involved, this must be compensated for by suitable 
capacities, so that the circuit may be in resonance for the frequency of 
the induced e.m.f., i.e., 


27 r/L = 


1 

27 r/C* 


By thus employing tuned circuits, the magnitude of the current flow pro¬ 
duced will be a maximum and is limited only by the effective resistance 

of the circuit. This effec¬ 
tive resistance includes 
the losses due to hystere¬ 
sis and eddy currents as 
well as dielectric losses. 

Since e.m.f.s of sev¬ 
eral frequencies are con¬ 
cerned, circuits must be 
available which are tuned 
to each of these frequen¬ 
cies. Fig. 20 indicates 
the arrangement em¬ 
ployed by Cioldschrnidt, 
for a quadrupling of the 
generated frecjuency, 
direct curnmt being sup¬ 
plied to the stator. 

The rotor R revolves 
at the r(‘(iuired speed in 
the d.c. field produced by the stator winding S, supplied by means of 
the storage battery B. There is thus induced in R an e.m.f. of frequency 
Nf the value of which is given by 



Fig. 20.—In order to get currents of appreciable ampli¬ 
tudes of the various frequencies generated in a “re¬ 
flection" type machine the rotor and stator must be 
supplied with suitably tuned circuits, one for each 
frequency generated. 


N = 


N^XRPM 
120 ^ 


where Np=the number of poles. 


This e.m.f. will cause a current of corresponding frequency to flow in the 
circuit Rf Ci, Li, C'l, the values of the capacities and L\ being adjusted 
so that the circuit is tuned to this frequency. Ci compensates for the 
inductance of the rotor, while L\ and C'l compensate each other, and the 
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drop across them is thus very small. This current induces an e.m.f. of 
frequencies 2N and 0 in the stator circuit >S, ( 72 , L 2 , C' 2 , in which the values 
of C 2 , 1/2 and C '2 are adjusted to resonance for the frequency 2N, C 2 
compensates for the inductance of the stator winding, while L 2 and C '2 
compensate each other, and therefore practically no drop exists across 
this portion of the circuit. The double-frequency current induces two 
e.m.f.s of frequencies ZN and N in the rotor, and triple-frequency current 
flows in the circuit J?, Ci, C 3 , which is tuned to resonance for this frequency. 
Practically no current of frequency N will pass through C 3 , since Li, C'l, 
represents almost a short-circuit path across C3 for this frequency. 

The triple-frequency current flowing in the rotor circuit 72, Ci, C 3 , 
induces in the stator e.m.f.s of frequencies 4:N and 2Nj and currents of cor¬ 
responding frequencies flow in the circuits S, C 2 , Ca and S, C 2 , L 2 , C' 2 , 
respectively, each of which is tuned to resonance. The condenser Ca 
represents the antenna through which we thus have a current flowing 
whose frequency is four times the frequency (N) of the current initially 
generated. If it were desired to utilize the triple-frequency current, the 
antenna would be connected to the rotor in place of C 3 , while L 2 and C '2 
could be omitted from the stator circuit. By suitably arranging other 
circuits higher frequencies could be obtained but such an arrangement is 
not employed to any extent commercially, as the quadruple-frequency 
machine is more efficient and fulfills all requirements. 

For the complete Goldschmidt machine as described in the preceding 
discussion, we may tabulate the generated frequencies, as before: 

Stator Rotor 

0 N 

2N and 0 ZN and N 

4N and 2N 

An exact analysis of all the actions in this machine is complicated 
and would be out of place here. The amplitudes of the various frequencies, 
it must be pointed out, however, are not the same; for all e.m.f.s of zero 
frequency the amplitude is zero, while the other amplitudes depend for 
their values upon the tightness of the magnetic coupling between the rotor 
and stator circuits. 

A fairly good idea of this reflecting action may be obtained by exami¬ 
nation of the cut in Fig. 21 which shows the stator and rotor currents 
of a single-phase induction motor excited by a 60-cycle supply and running 
near synchronous speed. The rotor current evidently shows the two 
frequencies (/+/') and (/—/')>/ being the impressed frequency and /' 
the frequency of rotation. The rotor circuit and stator circuit were 
not tuned, otherwise more frequencies might have been accentuated. 
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and the stator current would, for example, show /+2/' and /—2/' fre¬ 
quencies. 

In Fig. 22 is shown the effect of running of the rotor at practically 







current’ o/" 

* rryo/2»^ 


Fig. 21.—Rotor and stator e.m.f s of a single-phase induction motor. The rotor e.m.f. 
may be separated into its two components as shown l)y the dashed line. One fre¬ 
quency is equal to that impressed on the stator plus the freciuency of rotation 
and the other frequency is the difTerence of the two. 


TTo 


p i,7/hAfsr 


Fig. 22. —When the rotor was run at practically synchronous speed the amplitude of 
the differential frequency was practically zero, leaving in the rotor only the additive 
frequency. 
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synchronous speed. Here the amplitude of the differential frequency 
if—f) is so small that the film does not show it, although it can be seen 
from the film that the rotor frequency is slightly more than twice the 
stator frequency. 

Construction.—If we assume a required frequency of 40,000 cycles 
per second, and a frequency transformation ratio of 4, the initial frequency 
generated is 10,000. J'rom the general equation for frequency 

^ No. of polesXr.p.m. 

120 


it is readily seen that a large number of poles will be necessary. Assuming 
a maximum desirable speed of 3000 r.p.m., we have 


No. of poles = 


120X10,000 

3000 


= 400. 


Considering a maximum safe peripheral speed of 200 meters per second, 
we obtain 1.25 meters as the maximum diameter permissible for the rotor. 



Fig, 23,—Developed winding of a Goldschmidt alternator. 


This gives a circumference of 400 cm., and thus the space available per 
pair of poles is 1 cm. The windings are therefore laid out similar to the 
armature winding of the Alexanderson machine, and consist on both rotor 
and stator (the windings are identical) of the simple zig-zag winding shown 
in Fig. 23. The windings are split up into sections which can be connected 
in series or parallel arrangement to secure the most suitable voltage for 
the resistance of the antenna used. The conductor is made up of a number 
of very fine strands, about No. 40 A. W. G., each insulated individually 
to reduce skin effect. 

To reduce the iron losses, the rotor and stator are constructed of very 
thin laminations of high-resistance iron. These laminations are 0.05 mm. 
in thickness and are separated by paper about 0.03 mm. thick. When 
the assembled material is compressed the volume of paper is more than one- 
third the total volume. To further decrease the iron losses, the iron is 
worked at low densities. 

It is evident from the foregoing discussion on the action of this machine, 
that the air gap must be made as small as possible so that the magnetic 
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leakage between the two windings shall be a minimum, since the induced 
voltages decrease for each succeeding reflection, this decrease being fixed 
by the amount of magnetic leakage and the losses. Excessive magnetic 
leakage also tends to prevent neutralization of the intermediate currents 
and thus additional losses are caused which may be minimized by reducing 
the gap. 

On the largest machines we thus find extremely small air gaps, being 
about 0.08 cm. on a 100-kw. machine (normal rating). The rotor of 
this machine weighs about 5 tons and is 1.25 meters in diameter, which 
indicates the extreme precision and care required for the proper construc¬ 
tion of this type of generator. Trouble may be experienced if the rotor 
expands under the effects of temperature rise produced by continuous 
operation. This will cause an increasing output (almost inversely pro¬ 
portional to the gap length) as the gap decreases until the rotor suddenly 
makes contact with the stator and jams tight, resulting in the destruction 
of the machine. 

It is also important that the rotor and stator slots be strictly parallel 
to the shaft and to each other. That is, there should be no skewing^ as 
otherwise the e.m.f.s induced throughout the length of one conductor of 
the winding will not be in the same phase, and a decreased voltage (and 
thus a decreased output) results. A divergence of 1 mm. in 1 meter 
length would cause a decrease of 20 per cent in the total output. 

Typical Installation. —The largest alternators of this type have a 
maximum output of 200 kw. with a normal output of 100 kw., one of 
which is located at Hanover, Germany. This machine is of the four- 
reflection type, with d.c. supply to the stator and having 400 poles. For 
an output frequency of 50,000, which means an initial frequency of 12,500, 
the motor drives the generator at 3750 r.p.m. This motor is rated at 
4000 r.p.m., 250 h.p., 22*0 volts, and is supplied from two d.c. generators 
in Ward Leonard connection, to secure the necessary flexibility of speed 
control and ease of starting. The generator is directly connected to this 
motor by means of a flexible coupling. 

The antenna at the Hanover Station consists of a double-cone system, 
the aerial wires being supported by a single steel tower 250 meters high. 
The aerial system is made up of 36 bronze cables of 8-mm. diameter, the 
outer ends of these cables being attached through insulators to poles 
12 meters high which are arranged in a circle around the tower, the radius 
of this circle being about 450 meters. The tower is insulated at the base 
and half way up by means of heavy glass insulators and is supported by 
steel guy wires, sectioned by insulators. 

Frequency Transformation. —The design and construction of such 
alternators as described above, which provide at their terminals, e.m.f.s 
of frequency sufficiently high to be used directly for radio-transmission, 
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require the highest type of engineering skill, if the many complex problems 
involved in their construction are to be solved successfully. Alternators of 
somewhat lower frequency, however, say 10,000 cycles per second, can be 
built with comparative ease with consequent reduction in initial cost, 
and increased reliability of operation. Therefore instead of using the 
high-frequency alternator directly supplying the antenna circuit, we may 
substitute a lower-frequency machine, and step-up the frequency to the 
required value by means of a frequency changer or transformer. Efficient 
frequency transformation thus presents a means for supplying undamped 
radio-frequency current, and the action of some of the various fre¬ 
quency changers which have been proposed for this purpose is therefore 
of interest. 

Types of Frequency Changers. —Frequency changers may be static, 
constructed similarly to the ordinary modern power transformer, or may 
contain a revolving element. In the latter type, utilizing one rotor 
winding and one stator winding, the frequency is raised by electrical 
reflections, four, five, or even higher transformations being accomplished. 
This type is illustrated by the Goldschmidt machine as described above, 
which may thus be considered as a generator and frequency changer in 
one, as it generates a current of frequency A, and this initial frequency 
is then transformed to some higher frequency at the output tenninals. 

The simplest type of frequency changer utilizing a rotating element 
is illustrated by the large-capacity frequency changers used for the inter¬ 
change of power between systems of different frequencies as for instance, 
a 25 and a (j2}y cycles system. The machine consists of two rotors and 
two stators, the rotors being mounted on a common shaft, the one element 
operating as a synchronous motor and the other as an alternator, and 
vice versa, depending on the direction of energy flow. By means of appa¬ 
ratus of this type it is thus possible to transform a commercial frequency 
supply of 25 cycles to a frequency of 10,000, or less, which may be further 
transformed by one of the static transformers described below. 

Many forms of the static type of frequency changer have been sug¬ 
gested, differing mainly in the manner of their connections, and the number 
of frequency transformations. Thus there are frequency doublers and 
triplers, which may be further connected in cascade, resulting in additional 
increase of frequency. Fundamentally, nearly all of them operate on 
the same phenomenon, namely, the asymmetrical variation of flux with 
magnetizing force in saturated iron cores. The explanations to be given 
below will consider only this feature of the circuit although a rigid analysis 
would undoubtedly require an investigation of the variation in resistance 
throughout the cycle, as well as these peculiar flux changes. 

Frequency Doubler. —An arrangement for doubling the frequency fii'st 
suggested by Epstein in 1902 and subsequently developed by Joly and 
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Valauri, is indicated in Fig. 24. Both transformers are identical, and 
each is equipped with a tertiary circuit, supplied from the storage 
battery B, 

The steady current flowing through these windings is adjusted to bring 
the transformer fluxes just to the point where saturation occurs, i.e., at 
the knee of the curve as indicated in curve A, Fig. 24. If the two primaries, 
in series, are connected to an a.c. supply, it may readily be seen from 
the figures, that on a positive half cycle the flux in Ty (wherein the m.m.f. 
of the primary winding assists the d.c. winding), will change very little 
while the flux in Ti will decrease considerably, since the primary m.m.f. 
opposes the m.m.f. of the d.c. winding. On the negative half cycle, the 
reverse is true. These conditions are indicated in Fig. 25, A and B, It 
should be noted that an asymmetrical variation of flux thus occurs in each 



Fig. 24.—Use of two saturated cores for frequency doubling. 


transformer, the flux of one transformer having a large variation during 
one alternation while the flux of the other transformer changes only slightly 
and on the next alternation, these conditions are reversed. These fluxes 
exist in separate cores and do not combine to form a double frequency 
flux. The e.m.f.s which they induce in their respective secondary wind¬ 
ings are indicated in Fig. 25C, and since the secondaries have been con¬ 
nected reversed with respect to each other, the difference of the voltages 
must be taken to obtain their resultant. This is indicated in Fig. 25D. 

This method for obtaining a doubling of the initial frequency has 
found some commercial application to high-frequency work, having been 
developed by Count von Arco for the Telefunken Company, and known 
as the Joly-Arc System. It was employed at the U. S. Radio Station at 
Sayville, Long Island, for doubling an initial frequency of 15,000.^ 

* Bucher, ^‘Practical Wireless Telegraphy,’^ p. 273. 
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lum flux increase on the positive 



/ 

At. 


It may be shown ^ that by proper choice of the direct and alternating 
primary current, the double frequency voltage may be made a pure sine 
wave. This occurs when the maximum flux decrease on the negative 
half cycle is 1.6 to 1.8 times the maxim 
half cycle. In practice, how¬ 
ever, to secure a greater out¬ 
put, the direct current is 
adjusted to the knee of the 
magnetization curve, and the 
effective value of the alternat¬ 
ing current is made equal to 
this direct current. A peaked 
wave is then produced, but 
the iron losses are not exces¬ 
sive as rather low frequencies 
are usually involved. At very 
high frequencies, the sine- 
wave system is preferable. 

Fig. 26 illustrates circuit 
connections utilizing fre¬ 
quency doubling transformers 
(Alexanderson). A high- 
frequency alternator is shown 
at the left, which provid('s 
the fundamental fretpiency /i. 

The iron cores an' provided 
with d.c. excitation of proper 
value, double freqiK'iicy thus 
being produced. By means 
of the trap circuits, installed 
and tuned to the frequencies 
indicated, each frequency is 
confined to a definite por¬ 
tion of the circuit, '^riie traps 
are merely examples of parallel 
resonance, possessing a high 
joint impedance to currents 
of the frequency to which 
they are tuned. 

Frequency Tripler. —An arrangement for tripling the initial frequency of 
a three-phase supply, as developed by A. AI. Taylor, is indicated in Fig. 27. 

^ Some Characteristios of the Frequency Doubler as Applied to Radio Transmis¬ 
sion," T. Minohara, I.R.E., Dec., 1920. 




Fio. 25.“~Analysis of the action of the arrange¬ 
ment of Fig. 24. The flux <i>r 2 in curves B 
is shown in reversed phase. 
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The three chokers R\y R>y and Rs are saturated early in the cycle, at 
a relatively low value of current, while the core of the transformer T 
remains unsaturated at all times. Considering one of the elements, for 
instance that between a and 6, and assuming a sine wave of voltage, the 
voltage and flux conditions which must exist are as indicated in Fig. 2SA. 


/* 2 /; 




/- 8 /. /- 2 /. 



;Q 

1 ' —" 1 

:0 


-b 






Fig. 26.—Suitably arranged tuned circuits are required for efficient frequency trans¬ 
formation. 


(Fig. 27^4 indicates the circuit detail under analysis.) As the primary 
current increases, a point is reached where the choker becomes saturated. 
When this occurs, the impedance of the circuit decreases materially, and 
the primary current increases rapidly, as indicated by the current curve 
(Fig. 28B). This causes very little change in the choker flux, which has 
already reached saturation, but does cause a variation in the transformer 



flux. The transformer flux, although v^trying proportionately to the pri¬ 
mary current /, does not reach large amplitudes, since most of the flux 
required to produce the proper sine wave of counter e.m.f. is already exist¬ 
ent in the core of the choker. The choker and transformer flux must add 
to give a resultant equal to the sine wave of flux shown in Fig. 28A, based 
on the assumed sine voltage. The transformer flux will induce in the 
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secondary a voltage the form of which is shown in Fig. 28C. A similar 
e.m.f. wave will be induced by each of the other two phases in exactly 
the same way as outlined above. 

The voltages Chc and Cca will differ in phase from Cab by 120"^ and 240^ 


(electrical degrees), respec¬ 
tively, as the primary 
supply voltages, Eabj Eba 
Eca differ in phase from 
one another by this 
amount. These three in¬ 
duced voltages Cafe, ehc, em, 
exist simultaneously in the 
secondary winding of T and 
thus add up to give the 
resultant triple-frequency 
voltage indicated in Fig. 
28/). It would be possible 
to employ nine chokers, 
and a nine-phase supply, 
to produce a nine-fold 
transformation, if this were 
desirable. In this case a 
sine-wave alternator could 
not be used, due to inter¬ 
ference effects in the high- 
frequency circuits, and a 
machine of special design 
would be required. 

The ‘‘Wabbling Neu¬ 
tral” as a Means of Trip¬ 
ling the Alternator Fre¬ 
quency. —It is a well-known 
fact that the line currents 
of a 3-phase system are 
120° out of phase and their 



algebraic sum is equal to 2 g —Curves of flux and e.m.f. explaining the 

zero. I heir third harmonics action of the apparatus shown in Fig. 27. 

differ therefore by 3X120°, 


or 360°, i.c., a complete period, and are in phase with each other. Since, 
in all cases, the instantaneous (algebraic) sum of the alternator currents 
must be zero,^ it is evidently impossible for the line currents to contain 


1 Delta-connected load assumed, or if Y-connected, the neutral point of the load is 


supposed ungrounded. 
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third harmonics. If we impress a sine wave of voltage on three Y-con- 
nected transformers (their secondaries being open-circuited, and hence not 
shown in Fig. 29 as they can have no effect when open), the third harmonic 
component, which normally predominates in the exciting current of an 
iron-core transformer, is suppressed, and the magnetizing current is a sine 
wave. 

The hne voltages are sine waves, but the voltage to neutral must con¬ 
tain a strong third harmonic, due to the suppression of the third harmonic 
component in the exciting current, which must be present if the c.e.m.f. 
is to be a sine wave. Therefore, the wave of magnetization cannot be of 
sine form, but will be flat topped (somewhat as indicated in Fig. 30, curves 
1, 2, and 3) due to the saturation of the iron. The induced e.m.f.s. will 
thus have the wave form indicated, and may be resolved into their funda¬ 
mental and third harmonic components as shown in curves 4, 5, and 6. 



Fig. 29.—The ^‘wabbling neutral" scheme of tripling? frequency; the center point of 3 
Y-connected iron core coils is connecte<l to the ant(*nna and the center point of 
3 Y-connected air core coils is connected to j^round. The three-phase power supply 
is otherwise ungrounded. 

It will be noted that the third harmonic components in all three phases 
are in phase. Thus the potential of point 0, Fig. 29, will fluctuate at 
triple frequency as shown in curve 7 of Fig. 30. This triple-frequency 
e.m.f. may be impressed on an antenna circuit as shown in Fig. 29. 

The voltages indicated in the above curves exist across the transformer 
windings, and add up to give a sine wave of c.e.m.f. at the line terminals. 
This is shown in curve 8, wherein the third harmonic potentials neutralize 
one another, only the fundamental components combining. This curve 
is evidently a sine wave, which is as it should be, if it is to neutralize the 
impressed voltage, which has been assumed as a sine wave. 

In Fig. 31 is shown an oscillograph record of this scheme of frequency 
conversion; three transformer primaries (secondaries open) were con¬ 
nected in Y to a three-phase power line and another Y-connection was made 
with three air-core coils. The two neutrals were then connected together, 
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and the resulting current in the connection was nearly a pure sine wave 
of triple frequency. 

Losses of Static Frequency Changers.—The above methods of frequency 



transformation which utilize 
static transformers possess the 
disadvantage of excessive iron 
losses, even though special pre¬ 
cautions are taken in the con¬ 
struction of the iron cores, as 
at the higher frequencies these 
losses are very large; dielectric 
losses in the insulation may also 
be excessive. Probably the most 
practical would be the Joly 
arrangement for doubling the 
frequency, using two of these 
doublers in cascade to quadruple 
the frequency, and making the 
delivered energy thus suitable to 
the requirements of radio teleg¬ 
raphy and telephony. With 
every arrangement it is highly 



Fig. 30.—Curves of flux mikI e.m.f. to analyze the action of the wabbling neutral; in 
curves 8 the voltage forms co-i and co_.t are shown without their third harmonics, 
these being shown se{)arately on the A-axis. 


important that the secondary circuit be tuned to the desired upper 
harmonic, as otherwise the higher-frequency current will be rela- 
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lively small and current of fundamental frequency will probably 
predominate. 

Oscillating Tubes.—Within the last few years many improve¬ 
ments in the design and construction of vacuum tubes have been 
made and their applications are continually growing more varied and 
important. At the present time they have not been used to replace 
the largest arc and a.c. generator equipments but quite possibly if 
these large stations were to be rebuilt today triodes would be em¬ 
ployed. A single water-cooled tube can be built to supply as much 
as 100 kw. to the antenna and such an amount of power is sufficient 
for trans-oceanic communication except under adverse atmospheric con- 



Fig. 31.—Oscillogram showing the third harmonic obtainable from the circuit of Fig. 29. 

ditions. Furthermore if there was sufficient demand 500-kw. triodes 
could be developed. 

To supply the high voltage c.c. power to the triodes, banks of two- 
electrode tubes (diodes), arranged to rectify three-phase (or six-phase) 
60-cycle power supply, are used. Thus a high-powered transmitting 
station, which today may use machines, weighing many tons, will require 
seven or eight tubes instead, weighing possibly a hundred pounds. Even 
with their water-cooling accessories the total weight is probably not more 
than a few hundred pounds. 

The hundreds of radio broadcasting stations in operation today use 
many water-cooled tubes, the average rating being a few kilowatts. 
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Probable Efficiencies of above Apparatus. —Poulsen Arc .—Assuming 
sine waves, a theoretical efficiency of 50 per cent is possible, but probably 
an actual arc does not give greater than 40 per cent. For instance, the 
cooling water of a certain 25-kw. arc carried away 14 kw. of heat. For 
arc oscillations of the third type (p. 718) efficiencies much greater than 
50 per cent are conceivable, but as this type of oscillation is seldom used, 
we assume the efficiency of the normal arc less than 50 per cent. 

Measurements made on the arc transmitter at the Eiffel Tower sta¬ 
tion in Paris indicated an efficiency of 29 per cent; the musical spark 
equipment gave 47 per cent. With no compensating wave employed 
the arc efficiency rose to 45 per cent. 

Alexanderson Alternator .—No data are obtainable regarding the 
efficiency of the large Alexanderson alternators, but it seems likely that 
it is not better than 50 per cent. Examination of the construction of 
a modern machine shows the likelihood of high iron losses and the care 
taken to provide adequate cooling ^ facilities substantiates this idea. In 
the smaller sets, the efficiency may be extremely low: a 200,000-cycle 
machine, for example, having a maximum output of 500 watts, requires 
a 10-h,p. driving motor. A large part of the motor output is apparently 
used in windage losses caused by the high rotative speeds. 

Goldschmidt Alternator .—Although one would judge that the effi¬ 
ciency of this type of machine could not be very high, the great care taken 
in the construction of both the magnetic and electric circuits evidently 
keeps the losses as small as possible. It is stated by Eccles ^ that a 12^- 
kw. machine of this type (one of the first to be built) had an efficiency of 
80 per cent. 

Static Frequency Changers .—It is estimated by the inventor of one 
of these schemes using iron cores that a 28-kw. transformer will have 
an effici(uicy of about 86 per cent.-^ It seems that these devices use 
about 1 11). of iron per kilowatt of output and an attempt to calculate the 
probable (Hldy-current and hysteresis losses gives a value of perhaps 
1 kw. per pound of core used, which would indicate an efficiency in the 
neighborhood of 50 per cent. It must be pointed out, however, that 
attempts to calculate the core loss from the ordinary formulas are probably 
inaccurate, because of the peculiar magnetic cycles to which the iron is 
subjected. 

Oscillating Tube .—The efficiency of an oscillating tube varies a great 
deal with the adjustments of the circuit, and may have any value between 
25 per cent and 95 per cent, neglecting the amount of power used for 

^ See Alexanderson, “Transatlantic Radio Communication,’^ Proc. A.I.E.E., 
Oct, 1919. 

* See Eccles, “Wireless Telegraphy and Telephony,” p. 230. 

* Ibid., p. 235. 
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heating the filament. This point is discussed in detail in Chapter VI, 
p. 658 et seq. It will be noted in comparing tubes with an arc that they 
generally consume power only when actually used for transmission 
whereas the arc is using full power whether the key is up or down. 

Methods of Signaling with Continuous-wave Transmitters. —The 
generators described above will supply a continuous-power input to the 
antenna circuit and with no changes in the antenna or supply circuit, 
a continuous undamped high-frequency current will flow through the 
antenna. The power radiation from the transmitter is therefore constant 
in magnitude and frequency. Three methods may be utilized for vary¬ 
ing this radiated energy in accordance with a [^rearranged code, and thus 
transmit intelligence to the distant receiving station. The throe methods 
of sending may be stated as follows: 

1. The total interruption of energy radiation during a space.This 
is known as the cut-in ” method. 

2. Continuous radiation of energy throughout the sending of a message, 
the space and signal differing only in the wave lengths at which the energy 
is transmitted. This is called the compensated ” method. 

3. The total interruption of energy radiation during a space period, 
with the radiation rapidly varied by means of a chopper or other scheme, 
during the signal period. This is known as the modulated method of 
sending, and possesses advantages under certain emergency conditions as 
described later. 

The high-frequency current flowing in the transmitter antenna for 
each of three methods of sending is indicated in Fig. 32. 

Signaling Devices. —For transmitting by means of the above methods 
one of the following devices may be used, depending on the type of gener¬ 
ator used: 

I. Chopper or buzzer (choice will depend on the amount of cur¬ 
rent to be interrupted). 

II. Wave length changing switch. 

III. Switching to dummy antenna. 

IV. Control of excitation of machine. 

The application of these devices to the several types of high-frequency 
generators, previously descriVjed will now be considered. 

Methods of Sending Applicable to the Poulsen Arc Generator.— 
This generator depends for its operation on an uninterrupted supply 
to the arc and antenna circuit (which is the sole natural-frequency 
circuit of the transmitter). Therefore the means indicated under II 
and III only can be applied, namely, changing the wave length or 
switching to a dummy antenna. A change in wave length may be 
secured by simply connecting the transmitting key so as to short- 
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circuit one or more turns of the antenna inductance when a signal 
is being transmitted, as indicated in Fig. 33 and to cut in these turns 
during the space interval. 



Fig. 32.—Methods of transmitting signals from continuous-wave stations. 


This arrangement is practically universal on present arc installations. 
On the higher power sets, the key does not directly short-circuit the in¬ 
ductance, but operates an auxiliary 
relay, which in turn actuates the 
solenoid-operated contactor at the 
coil. This is required due to the 
heavy current which must be 
broken, and rapid signaling would 
be impossible with the heavy and 
massive key required if it were 
attempted to operate it manually. 

Sometimes, instead of short-circuit¬ 
ing a turn of the antenna load coil, 
an independent circuit of one or 
two turns, connected to the antenna 
load coil by mutual induction, is 
short-circuited by the relay key. 

At high powers the indepen¬ 
dent circuit may be interrupted 
at several points simultaneously 
to reduce the volt amperes inter¬ 
rupted by each contactor, the contactors being actuated by the key as 
described above. 

The connections for utilizing a dummy antenna are shown in Fig. 34. 



Fig. 33.—The ordinary method of signaling 
with a Poulsen arc; l)y short-circuiting 
a small part of the loading coil the wave 
length radiated is changed slightly and 
with a suitable receiving circuit the signal 
becomes audible. 
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In this case the key simply acts to transfer the arc circuit to the radiating 
antenna when it is desired to send a signal- At other times the arc sup* 

plies the dummy antenna and prac¬ 
tically no energy is radiated. The 
energy radiation would thus be as 
shown in Method I, Fig. 32. 

This method is relatively little 
used, but illustrates the application 
of switching to a dummy antenna to 
secure cut-in radiation. The con¬ 
stants of the dummy circuit should be 
identical with the constants of the 
radiating antenna circuit, so that the 
conditions at the arc are constant. 

Referring to Fig. 33, we may place 
an interrupter or chopj^er at X, and 
thus secure a combination of Methods 
II and III. The antenna current 
would then have the form indicated 
in Fig. 35. 

Methods of Sending Applicable to 
the High-frequency Alternator.—With 
this generator the frequency is fixed by 
the speed of the machine. Therefore, 
transmission by Method II cannot be used (a variation in antenna induc¬ 
tance simply causing a decrease in the amplitude of the antenna current), 
but Methods I and III are applicable, the former usually being used. 



Fig. 34.—Another scheme which has 
been tried with the Poulsen arc is 
to switch the arc to a dummy an¬ 
tenna. The switch is of course not 
a manually operated one, but is 
magnetically energized from a 
relay key. High resistances are 
generally shunted around the 
switch contacts, to eliminate spark¬ 
ing. 



a - buzzer contacts closed 
6= “ “ open 


Fig. 35.—A possible type of radiation from a.Poulsen arc using the circuit of Fig. 33, 
with an interrupter of some kind at X. 


Signaling is most easily accomplished, however, by control of the 
excitation, which may simply involve a key in the generator field circuit 
as indicated in Fig. 36. A resistance may, with advantage, be inserted 
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in the field circuit, to decrease the time constant (L/R) of the circuit 
and minimize any tendency toward sluggishness which may prevent 
the signals from being clean cut and distinct, and thus limiting the 
sending speed. 

A method has also been developed to control 
the radiated energy by means of a shunting 
circuit across the alternator terminals, the 
impedance of this circuit being controlled by 
the sending key. The connections are indi¬ 
cated in Fig. 37. When the key is raised 
(contacts closed) the current flowing through 
L 2 saturates the iron cores a a, and the reac¬ 
tance of Li decreases accordingly. This 
effectively spoils the tuning of the alternator 

load circuit and hence brings the alternator 

^ ^ Fig. 36.—The simplest pos- 

ouput to practically zero. transmitting scheme 

When the core is saturated, the impedance ^ging a high-frequency 

of the shunt circuit is so low as to amount alternator. 



almost to a short circuit on the alternator, 

under which condition the alternator voltage is very small and is able 
to send but very little current through the antenna circuit. Therefore 
the radiated energy will decrease to a very small value, essentially zero. 
When the key is depressed (open position), the iron is no longer saturated 
and the impedance of L\ increases to a high value. The alternator 



Fig. 37.—A method of sending by generator 
which employs a magnetically controlled 
short-circuit on the machine. 


current will then flow through 
the antenna circuit in preference 
to the shunt circuit, and energy 
will be radiated. 

In practical installations this 
variable, iron-cored impedance 
may be connected in a tuned cir¬ 
cuit (tuned when the key is open) 
which is coupled to the antenna 
and alternator as shown in Fig. 
38. When the key is closed, the 
local circuit is detuned and the 
energy input into this circuit 
becomes very small, the major 
portion of the energy thus being 


diverted to the antenna circuit. The transformer indicated in the figure 


is an integral part of the alternator and is shown supported in two sec¬ 


tions above and on either side of the alternator in Fig. 16, p. 730. 


For either scheme of control, the energy radiation is essentially as 
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Fig. 38. —In the application of the scheme indicated in 
Fig. 37 it is found advisable to use the circuit arrange¬ 
ment shown above. 


shown in Fig. 32-1. The use of a chopper or buzzer in the exciter circuit 
may not be entirely satisfactory, due to the inability of the machine 
voltage to follow accurately the rapid variations of field current produced. 
There is no doubt, however, that satisfactory results could be obtained by 

inserting the interrupter 
in the key circuit of 
Fig. 38. Radiation in 
this case would be nearly 
as indicated in Fig. 32- 
III. 

Methods of Send¬ 
ing Applicable to the 
Goldschmidt Alter¬ 
nator.— As with the 
Alexanderson alter¬ 
nator, the generated 
frequency for this 
machine is fixed by its 
speed, and therefore 
wave-changing methods 

are not applicable. Signaling is accomplished by means of the cut-in’^ 
method using field excitation control, the connections are indicated in 
Fig. 39. In addition to opening and closing the exciter circuit, the key 
also simultaneously cuts out or in a portion of the driving motor field 
resistance. Thus, any tendency of the alternator to suffer a drop in 
speed, when the ex¬ 
citer key is closed, 
and the load applied, 
is compensated for 
by the cutting in of 
a certain amount of 
motor field resist¬ 
ance, which will tend 
to raise the speed. In 
addition, the heavy 
weight and inertia of 
the rotating element 
effectually aid in 
maintaining constant speed, and under operating conditions the variation 
in wave length is claimed to be less than one-tenth of 1 per cent. 

The above discussion describes the only method which has yet been 
used for controlling the output of this alternator. Switching to a dummy 
antenna, or some form of shunt circuit, as described for the Alexanderson 


Driving 


Goldschmidt 



Fig. 39. —Scheme for sending signals with the Goldschmidt 
alternator using a motor speed control in addition. 
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machine, would also be applicable, but the present method seems to be 
completely satisfactory. 

Methods of Sending which May be Used when Frequency Trans¬ 
formers are Used. —Since these transformers must be associated with 
some form of high-frequency alternator, whose frequency is rigidly fixed 
by its speed, the same methods as described above for the Alexanderson 
and Goldschmidt machines will apply. On low-power sets the key may be 
connected to open the supply circuit directly, while on large-power sets 
the circuit may be opened indirectly by auxiliary relays actuated by the 
sending key. The antenna current would then be as shown in Fig. 32-1. 
The key may also have associated with it some form of interrupter or 
chopper, resulting in current variation as shown in Fig. 32-III. 

For the larger installations, the energy would be controlled by means 
of the exciter supply due to the smaller power involved. Cut-in sending 
would be the most feasible, although switching to a dummy antenna or 
connecting a variable impedance across the alternator terminals as in 
the case of the Alexanderson machine could also be used. 

Control of Radiated Energy when the Oscillating-tube Generator 
is Used. —The radiation of energy from an antenna supplied from an 
oscillating-tube generator may be in accordance with any one of the 
three methods indicated in Fig. 32. The method employed for small 
sets is usually a direct opening of the antenna circuit by means of the 
key, which may or may not be associated with an interrupter (usually 
a buzzer for small field sets) to obtain the modulated method of sending. 
The wave length change may be obtained by short circuiting a portion of 
the antenna circuit inductance. Since the power generated by these 
circuits is as yet comparatively small, there is no necessity for auxiliary 
relay equipment to be associated with the key. The most feasible 
control scheme, however, is one which controls the grid potential 
of the oscillating tube; by making this sufficiently iK'gative the tube 
stops generating power as described in Chapter VI, and illustrated in 
Fig. 153, p. 606. 

Fig. 40 shows the diagram of connections for a small oLcillating tube 
set, which utilizes three of the above-named methods of semding. The 
oscillating circuit involved was described in Chapter VI, p. 620, and the 
student is referred there for a discussion of their action. 

Referring to the diagram and assuming the switch S thrown upward, 
i.e., open, it will be noted that the antenna circuit will be completed by the 
closing of the key K. Therefore, if the key is open, the antenna circuit 
is open, the tube does not oscillate, and no energy is radiated. When 
the key is closed, completing the antenna circuit, oscillations will start 
and be maintained, if the proper conditions have been fulfilled. Thus 
energy will be radiated as long as the key is held closed and will cease 



756 


CONTINUOUS-WAVE TELEGRAPHY 


[Chap. VII 


when the key is opened. Therefore with the switch S in the up ” posi¬ 
tion, transmission is on the “ cut-in method. 

If the switch S is thrown to the right so as to make contact with ter¬ 
minal a, then transmission will be by the compensated method. This 
may be seen from the following: with the key open, the antenna circuit 
is completed to ground through Lx] the tube will therefore oscillate 
and the antenna radiate energy at a wave length determined by the con¬ 
stants of the circuit, including Lx] the wave length of the energy radiated 
while a signal is being sent is therefore less than the wave length of the 

energy radiated during a space 



interval. Transmission is thus in 
accordance with Fig. 32-11. 

Throwing the switch S to the 
left so as to make contact with 
terminal h, will permit sending on 
the modulated method. With 
the key open, the antenna circuit 
includes the buzzer winding and 
so the set will not oscillate. When 
the key is closed, two results are 
produced: First, the buzzer circuit 
is completed through the filament 
battery and the buzzer will vibrate 
as long as the key is down; second, 
the vibrating buzzer armature 
alternately makes and breaks the 
antenna circuit; therefore, when 
it completes the circuit, oscillations 
occur and energy is radiated, while 
during the break no oscillations are possible. The energy radiated is thus 
as shown in Fig. 32-III. It should be noted that when the buzzer 
armature is in the open position, the antenna circuit is not actually opened, 
but is completed through the filament battery and buzzer winding to 
ground. Due to the high impedance and resistance of the latter to the 
flow of high-frequency currents, oscillations are prevented as effectively as 
though an actual break has occurred in the antenna circuit. 

Use of Radiophone Transmitting Set for Undamped-wave Telegraphy. 
—An effective scheme for transmitting low power undamped wave signals 
is shown in Fig. 41. 

The operation and action of the radiophone set shown is discussed 
in detail in a later Chapter (see Chapter VIII), and it is there shown 
that when no sound waves strike the transmitter diaphragm, a high- 
frequency current of constant amplitude flows in the antenna, and 


Fig. 40.—An arrangement whereby the 
output of this small tube transmitter can 
be controlled by either one of three 
methods. 
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constant power is radiated. When the transmitter is spoken into, the 
amplitude of the antenna current (and radiated power) varies in ac¬ 
cordance with the intensity and frequency of the sound waves set up 
by the speaker. 

Similarly, a buzzer, placed in front of the transmitter, would set up 
sound waves of constant frequency and intensity, and cause the radiated 
power to vary in accordance with the pitch of the buzzer note. By using 
a high-pitch buzzer of proper construction, a very clear transmission, 
possessing a high degree of selectivity, may be easily obtained. 

Another scheme which 
has had considerable appli¬ 
cation for vacuum tube 
transmitters utilizes an 
alternating voltage for the 
plate supply. The generator 
normally used for plate cir¬ 
cuit power is replaced by 
the secondary winding of a 
step-up transformer, the 
primary of which is supplied 
with 110-volt, 50()-cycle 
power. The tube generates 
oscillations only when the 
plate is positive; the high- 
frequency current in the 
antenna, therefore, consists 
of a series of wave trains 
similar to Fig. 32-111. The 
500-cycle frequency is used 
because the old spark sets, 
which are being replaced by triode transmitters, had 500-cycle alternators 
and transformers, which could thus be easily adapted for use in the modern 
transmitter. 

Advantages and Disadvantages of the Different Methods. —The advan¬ 
tages and disadvantages of the several methods of sending described above 
may be summarized as follows: 

Cut-in ” Method. Advantage .—Only one wave length is radF 
ated after the antenna current has risen to its normal effective 
value, and energy is radiated only when signal is being sent. 
Signal is easily received, and permits of a high degree of 
selectivity. 

Disadvantage .—Not suitable for such generators as the Poulsen 



send continuous-wave telegraph signals. Of 
(bourse, the buzzer and switch may be inserted 
directly in the circuit, in place of the microphone, 
if more complete modulation of signals is desired. 
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arc, which do not operate well until the steady state ” has 
been reached. 

“ Compensated Method. Advantage .—The oscillations are 

continuous. This method must be employed for the Poulsen 
arc (neglecting the dummy antenna as an alternative). Trans¬ 
mission is reliable, because the change in wave length, as the 
key is operated, is positive and certain. 

Disadvantage .—The power efficiency is comparatively low because 
the set requires full power all the time, whether radiating a 
signal or not. A more serious disadvantage arises from 
the fact that each sending set uses up two ditferent wave 
lengths. This latter feature is especially undesirable when 
long wave lengths are employed; the difference in frequency 
of the signal wave and compensation wave should be about 
800 cycles per second, and thus the number of arcs which 
can be used in one district, in the long wave-length range may 
be seriously limited. 

Modulated ’’ Method. Advantage .—The primary advantage 
of the modulated method is that the signals can be received 
by means of an ordinary crystal or non-oscillating vacuum- 
tube receiving set. Thus, if the special continuous-wave 
receiver is out of service for any reason, the ordinary receiver 
may be used for reading the message. Radiation occurs only 
while key is closed, thus increasing efficiency. 

Disadvantage. —I^ss energy is radiated since the energy is broken 
or chopped into groups. A continuous stream of energy, with 
given maximum potential on the antenna, sends off more 
power than a series of “ trains '' and when utilized in a proper 
receiving set, permits communication over a greater distance 
than the modulated signal. With the modulated signal the 
selectivity is poorer than that obtainable by means of the 
cut-in method under similar conditions; thus the number of 
neighboring stations, operating in a given wave-length range, 
without serious interference, is less. 

A Modem Radio Telegraph Short-wave Transmitter. —As was shown in 
Chapter IV, it is possible to send radio messages completely around the 
world with comparatively low power, if the proper high frequency is used. 
However, the commercial communication companies do not depend upon a 
few watts of power but have many kilowatts available in their short-wave 
transmitters. Modern short-wave transmitting stations require equipment 
that permits a rapid change from one wave length to another; the best 
wave for day transmission is never the best night wave. The outfit must 
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permit accurate maintenance of assigned frequency and assure protection 
of equipment and personal. Furthermore, there should be a minimum of 
adjustments.^ 

The equipment is divided in general into two parts, a crystal-controlled 
oscillator and amplifier terminating with 1 kw. output, and a main power 
amplifier using four water-cooled tubes capable of delivering 5 to 10 kw. 
each. 

Referring to Fig. 42, we first analyze the power supply. The main 
rectifier consists of a three-phase, full-wave rectifier using six 872 mercury 
vapor tubes. With 1520 volts across each secondary of the Y-connected 
transformer bank the voltage at the output is 3550 volts. The peak 
inverse voltage in any valve is 3700, and as the valve is rated at 5000 volts 
inverse voltage there is a reasonable factor of safety. About 1.5 amperes 
are delivered to the load circuit. The full-load regulation of the rectifier 
is 10 per cent over all. 

The crystal oscillator and the buffer amplifier have a special rectifying 
circuit; it is necessary that the circuit of the oscillator be free of the voltage 
disturbances produced by keying and this separate power supply accom¬ 
plishes that purpose; the rectifier utilizes two 866 tubes. The crystal is 
maintained at 45°zh0,25°, and the frequency is constant to better than 
0.025 per cent. 

The crystal oscillator uses a 210 type triode, and the buffer tube is an 
860-type tetrode. This screen-grid tube gives some amplification of power 
at crystal frequency and also prevents the keying effects from repeating 
back into the crystal circuit, hence its name buffer^’; the 860 type tube 
has a 75-watt rating. The crystal oscillates at 2500 kc. and gives in its 
tank circuit about 50 volts of this frequency, and the buffer amplifier raises 
this to about 400 volts at the same frequency. 

The first frequency doubler uses a 160 type tube, which draws 75 
milliamperes of plate current when key is down; its control grid bias is 
400, enough to bring the plate current to nearly zero when the key is up. 
When the key is down the average grid current of this tube is 0.012 ampere. 
"Jlie tank circuit has such condensers that it can be tuned from 2500 to 
6000 kc. A few turns of the coil are short-circuited for the highest fre¬ 
quencies. Of course the crystal oscillator cannot have its frequency 
changed; there must be as many crystals as there are desired separate and 
independent transmitting frequencies. (With one crystal frequencies in 
multiple ratios only are available.) 

The tank circuit of this doubler is tuned to just twice the frequency 
of the crystal; the crystal generates harmonics, and by tuning the output 
circuits of the succeeding tubes to higher harmonics the frequency is 

^ See description of typical station (abstracted here) by Byrnes and Coleman, 
I.R.E., March, 1930, p. 422. 
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raised. Thus the output circuit of the first doubler is tuned to 5000 kc., 
and this frequency current flows in its tank circuit. Now the principal 
excitation in its grid is 2500 kc., so the main component of the plate cur¬ 
rent will have this frequency. As the tuned tank circuit has a very low 
impedance for 2500 kc., practically all the power of this frequency must be 
dissipated on the plate. It is this consideration that requires a 75-watt 
tube to generate a few watts of double frequency power. 

The second frequency doubler is a type '60 tetrode and takes the 5000 
kc. from the first, and using the second harmonic of this, generates in its 
output circuit 10,000 kc. Here again most of the tube's power is used 
on its plate. 

The third doubler uses a '61 type tetrode, of 500 watts rating, and 
raises the frequency to 20,000 
kc., and uses in its plate circuit 
a specially arranged tank, 
tuned for 20,000 kc. and 
grounded at its mid-point. 

This gives a balanced output 
circuit for supplying excita¬ 
tion to the balanced ‘‘ power 
amplifier." The small vari¬ 
able condenser on the lower 
end of this tank circuit is for 
balancing the output circuit 
for plate-ground capacity of 
the tetrode; the condenser 
has to be set to a value equal 
to the tube capacity. 

The balanced power 
amplifier uses two '61 type 
tubes; the output circuit is electrically balanced to ground, and the two 
points where the power is taken off are so selected that the transmission 
line to which they connect draws a maximum power from the output 
circuit. To deliver 1 kw. of power at 20,000 kc. the plate voltage required 
is 3500 and the plate current is 0.45 ampere. 

In case transmission is desired on 10,000 kc. the last frequency doubler 
and the power amplifier each have their tank circuits tuned to this fre¬ 
quency instead of 20,000 kc. 

In Fig. 43 is shown conventionally the operation of the different steps 
of the exciter unit; it shows the gain in frequency and gain in amplitude 
furnished by the various stages. 

Directly at the transmitting antenna there is the last stage of the ampli¬ 
fier, consisting of four type 207 tubes working into a balanced output 



Fig. 43.—In this dia^;ram the change in frequency 
and power, of the arrangement given in Fig. 42, 
is indicated. 
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circuit, two tubes in parallel on each side. A special rectifying outfit, 
using twelve type 869 rectifiers in a double, three-phase, full-wave circuit, 
furnishes 10 amperes at 12,000 volts. The grid bias on the amplifier 
tubes is 1200 volts. 

At the high frequency (20,000 kc.), this stage will give 25 kw., using 
7500 volts on the plates and 1.3 amperes per tube; when operating at 
10,000 kc. it is possible to get 50 kw. of power by raising the plate voltage 
to 12,000 and the current to 1.7 amperes. 

The signaling with this transmitter is accomplished by a special tube 
arrangement working into the plate circuit of the first doubler. Two 
50-watt triodes (type Tl) in parallel draw their plate current from the 
3000-volt tap of the power supply through a resistance R. The first 
doubler tetrode also draws its power from the same source through the 
same resistance. Normally the grid bias on the keying triodes is slightly 
negative, by connection to the proper point on resistance R'. The amount 
of plate current thus taken by the two T1 triodes gives such a drop in the 
resistance R that practically no power is generated in the tank circuit of 
the first doubler. Now when the sending key is depressed an extra nega¬ 
tive bias is put on the grids of the keying triodes so that their plate cur¬ 
rent drops, and owing to the decreased voltage drop in R the first frequency 
doubler gets enough plate voltage to operate at normal power. This key¬ 
ing scheme is said to permit the sending of 1000 words a minute. 

The filament voltage of the larger tubes is applied in two steps, with a 
10-second delay relay to permit the filaments to heat up before full voltage 
is applied. A copper disc rotatable within the coil of the tank circuit per¬ 
mits vernier tuning; the action of such a disc is discussed on p. 234. 
The cooling water is tested for purity, and not allowed to show less than 
10,000 ohms per cm.*^ 

Two separate transmission lines are provided from the exciter unit to the 
main power amplifier, each being terminated with the right transformer 
to permit maximum energy transfer. 

The rectifier of the large amplifier set is provided with a one-step filter; 
a 3-microfarad condenser is provided across the line next to the load, and 
between the rectifiers and this condenser there is a 0.5-henry choke coil. 

Special relays permit the selection of any one of eight taps provided 
on the primary side of the transfonner bank supplying the rectifier, thus 
making possible the use on the plates of the power tubes any voltage 
between 40 and 105 per cent of normal. . Other relays take off the plate 
voltage if the cooling water gets too hot, or if the filament voltage falls 
more than 5 per cent. A 30-second delay relay prevents application of 
plate voltage until the filaments are all up to proper temperature. Other 
relays kill ” all high-voltage circuits by the opening of a door which has 
to be passed to permit inspection or adjustment of parts of the apparatus. 
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Transmission Line between Station and Antenna. —It may sometimes 
be inconvenient to make direct connection between the power set and the 
antenna, thus requiring a short transmission line between station and 
antenna. At radio frequencies, however, the ordinary ideas about trans¬ 
mission lines must be somewhat modified; the reactance due to inductance 
is so high that the transmission must be thought of in terms of waves 
rather than in terms of impedance drop. 

Radio-frequency power may be sent over lines thousands of feet long, 
and with reasonable efficiency, provided only that the impedance of the 
connected load has the proper value. The load must have an impedance 
equal to the surge impedance of the line, which is about 700 ohms for lines 
of ordinary construclion. Neglecting resistance and leakage it can be 
shown that the surge impedance is equal to \/ L/C where L and C are the 
inductance and capacitance per unit length. 

As the load will practically never have this resistance (an antenna has 



Fig. 44.- Action of crytital dc'toctor rcHH'ivcr on continuous-wave signal being sent by 

the “cut-in” scheme. 


only ti few ohms) a transformer must be used between the antenna and 
line having a turn ratio eqmil to the square root of the ratio of the surge 
impedance to the antenna resistance. 

Reception of Continuous-wave Signal. Necessity for Special Receiv¬ 
ing Sets. —That some special means must be provided for the reception 
of continuous-wave signals, in addition to the simple rectifying device, 
i.e., a crystal or vacuum tube, will be evident from the following analysis. 
If we consider an undamped wave-generator transmitting on the “ cut-in 
method, and this energy being received by a simple crystal or vacuum- 
tube receiver, the potential across the receiver circuit will have the form 
indicated in Fig. 44, curve A. 

The rectifying action of the crystal or tube produces an asymmetrical 
change in current through the phones, the mean current being indicated 
by the dotted line. Fig. 44R. Since the diaphragm is only actuated to 
give a click when a sudden variation of the mean current through the 
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phone is produced, the result is a slight click at the beginning and end 
of each signal. Evidently, the message received would be unintelligible. 

If we consider signal transmission by the “ compensated method, the 
results are similar and may be even worse, depending on the sharpness 
of tuning at the receiving station. Conditions would be as shown in Fig. 45. 

It is evident that if the signal and compensation waves are practically 
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Fig. 45.— Action of crystal detector for compensated (continuous-wave signal. 


equal in amplitude (as they may be under broad tuning conditions), no 
clicks at all will be heard in the phones. 

If the set is sending on the modulated method, the signal is received 
exactly as in the case of a spark signal. The action is indicated in Fig. 
46. This shows the mean current through the phones to vary at audio 
frequency when the key is held closed, and the signal is thus made audible 
to the observer. 



Fig. 46.—Action of crystal detector on a modulated continuous-wave signal. 


Action of Continuous-wave Receivers. —The above curves and dis¬ 
cussion indicate that, in order to receive continuous-wave signals, some 
device must be used, which, when interacting with the incoming signal, 
will give an audio-frequency component. This component, in turn, after 
rectification, causes pulses of audio frequency to occur in the phones, the 
corresponding note being heard by the observer as long as the incoming 
signal energy continues. With the compensated method of sending the 
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space and signal note may also be differentiated by their difference in 
pitch, as described later. 

Continuous-wave Receivers. —In the past, several different devices 
have been used successfully to break up the received continuous stream of 
energy, to give an audio-frequency effect. Among these may be mentioned 
the tikker and chopper arrangements, which were essentially 
revolving switches, to open and close the circuit periodically. The Gold¬ 
schmidt Tone Wheel was a high-speed rotating switch, accomplishing 
about the same effc^cts as the heterodyne receiver described below. It was 
limited, however, to relatively low frequencies, say 50 kc., and repre¬ 
sented a delicate and rather expensive receiver. Periodic tuning, obtained 
by rotating the plates of a variable condenser, was also one of the earlier 
schemes used. The pitch of the received note was fixed by the rotational 
speed of the condenser. 

Heterodyne Receiver or “ Beat ’’ Receiver. —The receivers described 
above have all been sup('rseded by receivers involving the generation of 
local high-frequency currents by means of oscillating vacuum tubes. The 
advantages of this type of receiver over the earlier schemes are: 

1. Ease of operation. 

2. Simplicity. 

3. Greater selectivity and sensitiveness. 

4. Lower cost. 

5. Small space requirements and portability. 

Its operation is based on the idea of combining two currents of different 
frequencies to produce a resultant current, the amplitude of which varies 
periodically (first used by R. A. Fessenden), the frequency of this ampli¬ 
tude variation being the difference between the two component frequen¬ 
cies.^ This method is known as the heterodyne or beat ’’ method, of 
which two schemes may be used, known as the separate heterodyne and 
self-heterodyne (autodyne), depending on whether the detecting device 
is distinct from the local high-frequency generator, or whether the two 
functions are performed by the same piece of equipment, i.e., a vacuum 
tube. The former is sometimes simply called the heterodyne method, 
while the latter may be called the *‘self-heterodyne^' or autodyne 
method of reception. 

Self-heterod3me Receiver or Autodyne. —The self-heterodyne receiver, 
utilising an oscillating vacuum tube as a generator and detector, is un¬ 
doubtedly one of the most important developments in the field of radio, 
and will be described somewhat in detail. A possible connection for 
the receiving set is indicated in Fig. 47. 

If the various oscillation requirements of the tube have been satisfied, 
^ See Chapter VI, p. 634 et seq. for mathematical analysis. 
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the tube will oscillate at a frequency determined by the constants of the 
local circuit, Li, L 2 , C, and a current of this frequency will flow in the local 



Fig. 47.—The oscillating tube a.s receiver; it iise.s the beat note idea and is used to-day 
universally. Instead of .shielding merely the rotor plates of the variable condenser, 
the modern receiver is built inside a copper-lined box, the copper lining being 
grounded. 


circuit.^ This is known as the local high-frequency current, and is indi¬ 
cated by curve a, Fig. 48. Assume its frequency to be 1,000,000 cycles/sec. 
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Fig. 48.—Action of the tube as a beat re¬ 


ceiver. 


Now consider that the transmitter 
is operated on the cut-in ” 
metliod and is radiating at a fre¬ 
quency of 999,000 cycles per second. 
A portion of this energy strikes the 
receiving antenna, which is tuned to 
it, and a maximum current is caused 
to flow in the antenna. This, in 
turn, induces an e.m.f. in the coil 
L 2 and causes a current whose 
frequency is 999,000 to flow in the 
local oscillating circuit. This cur¬ 
rent is called the incoming high- 
frequency current and is shown 
in curve b. (It should be noted 
that the antenna and local oscilla¬ 
ting circuits are slightly detuned, 
the antenna being tuned to the 
signal frequency and the L 1 L 2 C 


circuit tuned to a frequency about one kilocycle higher or lower.) 


^ For analysis of conditions required for oscillation see Chapter VI, p. 616. 
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The two high-frequency currents, flowing in the same circuit, com¬ 
bine to give the resultant current indicated in curve c, which shows the 
periodic variation in amplitude produced. These periodic variations in 
amplitude are called “ beats,^’ and the beat frequency is always the dif¬ 
ference between the component frequencies. (A “ beat cycle '' consists 
of one complete rise and fall in amplitude.) For the values assumed above 
the beat frequency would thus be 1,000,000—999,000 = 1000 cycles per 
second. It is to be particularly noted that the frequency of alternation 
of this resultant current ^ is the mean of the two component frequencies, 
namely, 999,500 for the values assumed. The resultant current is therefore 
a radio-frequency current. 

The drop across condenser C will have the same form as the current 
curve (Er — I/^irfC) and is identical with the variation in grid voltage Eg. 

The effect of this variation in grid voltage upon the plate current 
depends on the point of the characteristic curve at which the tube is being 
operated. If it is assumed that operation is on the lower bend, the plate 
current will vary as shown on curve d. This variation may be resolved 
into two components as shown in curves e and /, e flowing through the 
bridging condenser, while / flows through the phones. The latter com¬ 
ponent varies at beat frequency, and if this frequency is high enough, a 
musical note is produced in the phones, which is maintained as long as 
the key is held closed at the transmitter. Opening the key of the trans¬ 
mitter leaves only the local high-frequency current flowing and no variation 
of plate current at beat frequency is produced, hence no note is heard in 
the phones. If the tube stops oscillating and the incoming signal is main¬ 
tained, the same result is obtained. 

If it is assumed that the tube is oscillating symmetrically with respect 
to the upper and lower bends of its characteristic curve, the mean plate 
current remains unchanged (giving no current of audible frequency) 
although a beat-frequency variation in amplitude is produced. This 
means that the tube must be operated on a rectifying part of the curve if a 
signal is to be heard. Of course if a condenser is used in series with the grid, 
a signal will be heard, no matter what part of the curve the tube is oper¬ 
ating on, as pointed out in C^hapter VI, p. 548. 

The above discussion indicates that the receiving tube must perform 
simultaneously the functions of oscillation and rectification. Failure 
of either would result in no signals being received. These functions, 
which are performed by the one piece of apparatus in the self-heterodyne 
receiver described above, may evidently be performed by two different 
tubes or a tube and high-frequency alternator. Connections for a 

^ On the basis of measuring frequency by the time between successive zero values. 
At the points of minimum amplitude the phase reverses as explained in Chapter III, 
p. 321 et seq. 
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separate heterodyne ” receiver utilizing two vacuum tubes is indicated 
in Fig. 49.^ 

Control of the Beat Frequency or Pitch of the Signal Note. —It is 

evident that the local high frequency may readily be controlled by the vari¬ 
able condenser C of Fig. 47. If the incoming high frequency is 1,000,000, 
and condenser C is of too large a value, the local frequency may be low, 
for instance 900,000 cycles per second. The beat frequency is thus 
100,000 cycles per second, which is above the audible limit. As the 
value of C is decreased, the local frequency increases, the beat frequency 

decreases, and as the 
audible values are reached, 
the pitch of the note heard 
in the phones (i.e., the 
beat note) will change 
from a very high pitch to 
lower and lower values, 
until, when the two fre¬ 
quencies coincide, the 
beat frequency is zero and 
no sound is heard in the 
phones. (In this case we 
have the addition of two 
currents of the same fre¬ 
quency, producing a re¬ 
sultant current of constant 
amplitude. The mean 
plate current thus has no 
periodic variation in am¬ 
plitude; i.e., the beat ef¬ 
fect is absent.) As the 
capacity continues to be 
decreased, the local frequ¬ 
ency increases, and the 
difference between the 
local and incoming frequencies again increases; i.e., the pitch of the beat 
note in the phones again rises until it disappears at the limit of audibility. 
The above phenomenon is illustrated by Fig.50. (Curve A.) 

In connection with the foregoing discussion it may be noted that in 
the practical installation or assembly of a heterodyne receiving set, the 
handle of the variable condenser C should be on the ground side, thus 
grounding the moving plates. If the apparatus is assembled in a containing 

'For more detailed study of the action of this type of receiving circuit see Chapter 
VI, pp. 585 et seq. 
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Fia. 49.—Instead of using the detector tube to pro¬ 
duce the local oscillations for beat reception, a 
separate oscillating tube may be coupled to the 
antenna, or more suitably, to the input circuit of 
the receiver tube. 
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case, a metal plate should be placed in front of the condenser and 
electrically connected to the moving plates. See Fig. 47^. This pre¬ 
caution prevents any change in frequency due to the proximity of the 
observer's hand or body near the condenser and is extremely important 
on short-wave-length receivers.^ 

Effect of Upper Harmonics.—Since the vacuum tube does not generate 
a pure sine current of fundamental frequency, but also produces upper 
harmonics, a unique phenomenon is observed when the heterodyne receiver 
is close to an oscillating tube transmitter, as may be the case in the labo¬ 
ratory. 

Referring to Fig. 50 the combination of the fundamentals will produce 
the pitch curve designated as A, this note being assumed as becoming 
audible ^ when the condenser is set to the 100° graduation on the condenser 



Fig. 50.—A diagram for analyzing the peculiar noises heard when an oscillating tube 
receiver is close to a continuous-wave transmitter. 


scale. As the condenser value is decreased from 100°, a value is reached 
(at 80°) when the combination of the second harmonics produce a just 
audible beat note, this note as well as the fundamental beat note being 
heard simultaneously as the condenser value is further decreased. At 
certain smaller values (73.3° and 70° on the scale) of condenser capacity, 
the interaction of still higher harmonics (third and fourth) produces addi¬ 
tional beat notes. Thus, in the figure, four beat notes will be heard simul- 

* Of course a much better scheme is to mount all the parts of the receiving circuit 
inside of a copper box, grounded; heavy copper mesh is sometimes used. 

*The upper limit of audibility here assumed, is much higher than that of the 
ordinary person; generally an adult cannot hear a note higher than 14,000-15,000 com¬ 
plete vibrations per second. 
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taneously in the phones at condenser adjustments between 70® and 60®. 
At 60® the fundamental beat note and the upper harmonic beat notes 
all pass through zero frequency simultaneously, and as the condenser 
value is further decreased, the beat notes increase in pitch and successively 
become inaudible again as shown. These effects are summarized in the 
following tabulation: 


Harmonic 

Transmitter 

Receiver 

lieat Note 

Fundamental 

1,000,000 

997,500 

2500 

2d Harmonic 

2,000,000 

1,995,000 

5000 

3d Harmonic 

3,000,000 

2,992,500 

7500 

4th Harmonic 

4,000,000 

3,990,000 

10000 

Fundamental 

1,000,000 

1,000,000 


2d Harmonic 

2,000,000 

, 2,000,000 


3d Harmonic 

3,000,000 

3,000,000 


4th Harmonic 

4,(X)0,000 

4,000,000 


Fundamental 

1,000,000 

1,002,500 

2500 

2d Harmonic 

2,000,000 

2,005,000 

5000 

3d Harmonic 

3,000,000 

3,007,500 

7500 

4th Harmonic 

4,000,000 

4,010,000 

10000 


In actual reception the upper harmonics generated by the receiver 
are always very much weaker than the fundainental, and when adjust¬ 
ments are made so that the beat frequency heard is one resulting from 
the combination of an upper haiTnonic of the local oscillation and the 
incoming signal, the signal strength and clearness are very greatly reduced. 
Thus, in adjusting to receive a l,000,0C0-cycle wave, the operator may 
adjust his receiving circuit to a fundamental frequency of 500,500, tuning 
to the second harmonic (frequency = 1,001,000) for a 1000-cycle beat 
note, or he may adjust his set to a fundamental frequency of 300,333, 
tuning to the third harmonic. Similarly he may tune to the fourth or 
higher harmonics, if present, reception becoming increasingly inefficient 
and difficult, due to the smaller and smaller amplitudes of these higher 
harmonic components. This may be seen from insp('clion of the curves 
of Fig. 48, p. 766; if the local high-frequency amplitude is small, little 
change in amplitude occurs in the resultant current, which in turn deter¬ 
mines the strength of signal. 

Upper harmonics may also be produced by the transmitting set as 
already noted. ^ In this case the receiving set may have its fundamental 
frequency adjusted to these upper harmonics, and again weakness of 

^ See Suppression of Radio Frequency Harmonics in Transmitters,’’ by Labus 
and Roder. I.R.E., Iijne. 1931, p. 949. 
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signal and inefficiency result. This possibility, however, is relatively 
small, since: 

1st. The upper harmonics radiated by the transmitter are weak 
and ineffective unless the transmitter is close to the receiver 
as assumed in the detailed description above. 

2d. The receiving antenna is not tuned to these upper harmonics, 
still further decreasing their effect on the receiving circuit. 

For illustration, assume the fundamental transmitter frequency as 
1,000,000, with a second and third harmonic also being radiated. The 
receiver in this case may be adjusted to a fundamental frequency of 
2,000,000 or 3,000,000, but the beat note in either case will be very much 
weaker than if the fundamental incoming frequency had been utilized. 
The operator, when in doubt, should vary his local frequency over wide 
limits, and select that adjustment giving maximum signal strength. 


Antenna 



Fig. 51.—Circuit arranpjement of a standard short-wave receiver. 


Arc transmitters send out many harmonics, as mentioned before, and 
it often happens that an arc station signal being transmitted on a wave 
length of perhaps 10,000 meters, may be read on an oscillating receiver 
which is adjusted for perhaps 1000 meters. The receiver is “picking up 
the tenth harmonic of the arc. 

Short-wave Receivers. —For those who have not done experimental 
work with the very high frequency signals being widely investigated 
today we give in Fig. 51 the circuit arrangement of a beat note receiver 
of one of the well-known radio manufacturers, adapted for wave lengths 
from 10 to 200 meters. This means a frequency range from 1500 kc. to 
30,000 kc., a band in which an unbelievably large number of continuous- 
wave channels can be utilized. For continuous-wave telegraph signals 
the channels may be much closer without producing troublesome inter¬ 
ference than is the case for radio telephone communication. A separation 
of a few hundred cycles, with signals of equal strength, is sufficient to 
eliminate bad interference when the beat method of reception is being used. 

The regeneration control in the set of Fig. 51 is by means of condenser 
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C 3 ; the 25,000 ohms resistance in the plate circuit of the oscillator is said 
to make the regeneration effect more uniform over the range of condenser 
Cl, which is the main tuning condenser of the set. The beat note varies 
so rapidly as condenser Ci is changed that the vernier condenser C 2 is 
placed in parallel with it. The various condensers used in this set have 
very small capacities, the range of Ci is from 6 to 130 mm/; the range of the 
vernier C 2 is 3 mmL and the range of C 3 is 200 mm/- 

When a 201 -A tube (or its equivalent) is used in this circuit the fre¬ 
quency ranges available, with various coils for L 2 and L 3 , are as given 
in the accompanying table. All coils are wound on celluloid tubes 3 inches 
in diameter, the wire used being No. 16, spaced ten turns per inch. 


Coils for Short-wave Receiver 


Number turns 
in L 2 

Number turns 
in />3 

Frequency rans:e 
in mega cycles 

1 

2 

17 35 

3 

2 

10 -19 

8 

4 

4.8-10.3 

18 

G 

2.7- 5.3 

49 

18 

1.4- 2.8 


The antenna coil, of a few turns, is arranged for variable coupling 
with coil L 2 but the antenna itself is not a tuned circuit. Coils L 2 and 
L 3 are wound on the same spool there being only 0.1 inch space from the 
end of one to the beginning of the other. The control of regeneration is by 
means of variable condenser C 3 ; the coupling of tickler coil L 3 with respect 
to coil L 2 remains fixed. 

Using receivers of this kind very remarkable transmission has been 
reported. Small transmitting sets, using one dry cell tube as the source 
of power, have been sufficient to establish communication over 1000 miles 
or more distance. An idea of what one of these minute transmitters looks 
like is obtained from Fig. 52. The tube used is type 199, using only 0.06 
ampere in the filament and a few milliamperes at about 100 volts in the 
plate circuit. With a total input to the tube of 1 watt, and a sensitive 
receiver, communication has been reported with some consistency over a 
distance of 1000 miles. 

Effect of Frequency Variation in Short-wave Reception.—When receiv¬ 
ing on short wave lengths, say 3000 kc. ^00 meters or less), it is evident 
that both the incoming and local oscillations must be very constant indeed 
if a beat note of constant frequency is to be obtained. Thus, with 

^ For further discussion of the action of detectors in short-wave reception, see article 
by Karplus, “Communication with Quasi-optical Waves,’* I.R.E., Oct., 1931, p. 1716. 







Fig. 62.—Two views of a low-power, short-wave transmitter. Type 199 tube is used 

as a generator. 
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1000 kc. incoming, and a local frequency of 999 kc., a 0.1 per cent change 
in the local frequency will cause a 100 per cent change in the beat note 
pitch. With a small receiver, it may be impossible to hold the local 
frequency sufficiently steady. In this case it has been suggested that a 
periodic variation (say 1000 times per second) be made in the local fre¬ 
quency by using a revolving plate condenser in shunt with the main con¬ 
denser in the oscillating circuit.^ This auxiliary condenser varies the local 
frequency about | per cent above and below the incoming frequency 
(incoming frequency assumed as 3000 kc.), thus the audible beat note 
range is passed through 1000 times per second, and a signal note of 1000 
cycles per second is heard in the phones. Any small variation in frequency 
say 0.01 per cent, which might make the reception almost impossible with 
the usual receiver, is thus made negligible in effect by the larger periodic 
variations imposed by the revolving plate condenser. 

At the longer wave lengths, where the above difficulties are not present 
to such an extent, the following scheme ^ may be used to improve selec¬ 
tivity. The receiver is first tuned to oscillate at the incoming frequency, 
and then adjusted to he just on the verge of oscillating. The incoming signal 
wUl then supply enough energy to the grid circuit to cause oscillations; 
these oscillations exist only during the duration of the signal. This high- 
frequency oscillation could be coupled to a second tube oscillating contin¬ 
uously and received exactly as described in the normal heterodyne method. 
Another scheme employs an a.c. bridge arrangement, supplied by a 1000- 
cycle source, viz., tuning-fork oscillator; normally the bridge is balanced 
and no signal is heard in the phones. When the receiving tube oscillates, 
its mean plate potential changes; this changes the grid potential of a tube 
placed in one arm of the bridge, thereby unbalancing the bridge and causing 
a 1000-cycle note in the phones. 

Radiation from Receiving Sets.—Referring again to the circuit shown 
in Fig. 47, with the circuits adjusted to the point where oscillations almost 
occur, maximum regenerative amplification is obtained; this scheme has 
been very widely used in radiophone reception of broadcast messages. 
In securing this adjustment, however, it is inevitable that oscillations will 
occur. The set then acts as a low power transmitter; nearby receivers 
closely tuned to this same oscillation will hear an interfering beat note 
produced by the combination of the broadcasting station oscillation and 
the local receiver oscillation. This interference may be eliminated by 
making the receiver non-radiating. One-arrangement for accomplishing 
this ^ is shown in Fig.^ 53. 

^ C. S. Franklyn, “Wireless Aj 2 ;e,^' July, 1919. 

2 “Wireless Age” July, 1921. 

* “Non-radiating Receiving Circuit for Damped and Undamped Waves,J. Scott 
Taggart, Electrical Review, Nov. 14, 1919. 
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An inspection of the circuits indicates the scheme of operation. Tube 
A acts as an amplifier, while tube B acts as a detector when switch S is 
thrown to point a (damped-wave reception). With S thrown to point b 
and proper coupling adjustments made, tube B acts as oscillator and 
detector (self-heterodyne) for reception of continuous-wave signals. 
Practically no local frequency energy, however, reaches the antenna cir¬ 
cuit, due precautions being taken to keep C 3 , Lsy and L 4 remote from 
the closed receiving circuit and antenna. 

As a matter of fact there is still some slight amount of power sent 
from tube B into the antenna, due to the capacity between the plate and 
grid of tube A. This effect is discussed further in Chapter X under the 
topic of neutralization, p. 1016. 

When using separate tubes for oscillation and detection (regenerative) 
a certain adjustment of the oscillator gives best reception; this is not 
improved by changing the 
coupling on the second tube.^ 

If the oscillator adjustment is 
not at best (optimum) value, 
then increase of detector coup¬ 
ling will improve the signal 
strength up to best value. It 
seems that this best signal 
is obtained with the same 
strength of local oscillations 

for a given circuit and wave ^3 —^ receiving circuit using an oscillating 

length, independent of incom- tube which gives practically no radiation from 
ing signal strength (audibility the antenna, 
range extending from 1 to 5000). 

The signal current in the telephone is directly proportional to the 
antenna current and not to the square as in the case of crystals and non¬ 
oscillating tubes. Variations in the ratio of C : L in the local oscillating 
circuit have no effect on sensibility provided the local oscillations are at 
optimum value. 

Possibility of Receiving Undamped-wave Signals with an Ordinary 
Crystal.—An ordinary damped-wave receiver, using a crystal or simple 
vacuum-tube circuit, may, under certain conditions, receive an undamped 
wave signal. The possibility arises when two undamped-wave trans¬ 
mitters are operating simultaneously at practically the same wave length. 
Thus, if station A sends at 6000 meters (50,000 cycles), while B sends 
at 6060 meters (49,500 cycles), currents of these frequencies will simul¬ 
taneously flow in the receiving antenna, giving a resultant current having 

Notes on Beat Reception,” L. W. Austin and W. F. Grimes, Washington 
Academy of Sciences, March 19, 1920. 
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a frequency of 500 cycles, which will cause a note of this frequency to 
be heard in the phones. It is evident that for the signals of either station 
to be correctly received the second transmitting station must be radiating 
continuously, acting simply as a high-frequency generator. Thus, if B 
is sending while A is tuning his set, with key down, operators with crystal 



Fig. 54.—Front view of a small continuous-wave transmitter; the high-frequency 
power is generated by four five-watt tubes. 

detector sets adjusted for receiving a frequency close to that used by A 
and B will be able to read A \s signal. 

This phenomenon is responsible for the familiar whistling note heard 
in many broadcast receivers. Two transmitting stations are radiating 
carrier frequencies which have a beat frequency in the audible range, and 
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this beat note is heard, in spite of the fact that the receiver itself is not 
oscillating. 

Use of Grid Condenser.—It will be recalled that the tube (in the self¬ 
heterodyne circuit) must perform the functions of oscillation and detection. 



Fia. 65.—Back view of the set shown in Fip;. 54; toroidal transmitting coils were 
used to eliminate local interference. The magnetically operated key is seen in the 
opened box. 

In Chapter VI it was shown that the best point for oscillating is on the 
straight part of the characteristic curve, while the best point for detection 
is on the bend. It has also been noted that the use of a grid condenser 
improves the detecting action and does not require that the tube be oper¬ 
ated on the bend of the curve. In fact, the detection is generally best 
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when the tube is operated on the straight portion. For these reasons the 
grid condenser is also used in connection with the heterodyne receiver.^ 

The one disadvantage of using a grid condenser is the possibility of 
the tube “ squealing or “ clicking and thus obscuring or preventing 
entirely the reception of signals. This action has been described in a 
previous chapter ^ and means employed for its prevention were con- 

sidered. These means are not 
. uniformly successful in getting 

rid of the trouble, however, 
and it is doubtful if the use 
of a grid condenser would al¬ 
ways be desirable. 

Arrangement of Apparatus 
in Tube Transmitting Sets.— 
The exact arrangement of ap¬ 
paratus on a vacuum-tube 
transmitting set depends of 
course in general upon the use 
to which the set is to be put. 
In so far as possible all the 
apparatus should be assembled 
on one board, with suitable 
instruments, rheostats, etc. 
Figs. 54 and 55 show front 
and rear views of a set hav¬ 
ing an output of about 15 
watts; it is intended for lab¬ 
oratory use, so that extreme 
compactness was not neces¬ 
sary. To eliminate as far as 
possible disturbances to and 
from other circuits the coils 
of the set are made toroidal. 
An electrically operated key 
is shown in the rear view, 
this serving to connect the 
receiving amplifier and tele¬ 
phones whenever the sending key (which operates the relay) is not 
depressed. For convenience the filaments of the tubes are arranged for 
power from the 110-volt c.c. laboratory supply. As the antenna load 
coil is not adjustable (being toroidal) the frequency of the output is 



Fig. 56.—Continuous-wave transmitter u.sing 
four 250-watt triodes; ammeters are sui)- 
plied for plates and grids, and voltmeter for 
filament control. 


^ For analysis see Chapter VI, p. 587. 
2 See Chapter Vl, p. 644. 
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regulated by an adjustable condenser, in parallel with the antenna. A 
Meissner circuit was used in this set, the plate and grid coupling being 
adjustable so that maximum output might be obtained, no matter what 
the resistance of the load might be. 



Fig. 57. —Back view of the set shown in Fig. 56; with 1500 volts supplied to the plate 
circuit this set generates 1 kw. of high-frequency power. 


In Figs. 56 and 57 are shown two views of a higher-power set, this 
using four 250-watt triodes in parallel, and having an output of one kilo¬ 
watt at 6000 meters, 
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RADIO-TELEPHONY 

Field of Use.—The radio-telephone supplements the radio-telegraph 
in the same manner that the wire telephone supplements the wire tele¬ 
graph. The advantages of the radio-telephone over the radio-telegraph 
are that, while the latter requires an experienced operator who is familiar 
with the code, the former does not, and, therefore, the conversation may 
be carried on directly between the interested parties. In other words, 
the same factors operate in favor of the radio-telephone over the radio¬ 
telegraph as operate in favor of the wire-telephone over the wire-telegraph. 

A comparison between the radio-telephone and the wire-telphone 
is exactly similar to that l)etween the radio-telegraph and the wire-tele¬ 
graph. The radio-telephone’s accepted field of use is from ship to ship, 
ship to shore, also from airship to airship and from airship to ground, 
from one moving train to another and from train to station, and, again, 
in places over land and over water where it would be either impossible 
or extremely uneconomical to use wires. An example of this last appli¬ 
cation would be the speech transmission by radio-phone over the ocean, 
in which case the length of the cable and the impossibility of repeating 
amplifiers make wire-telephony at this time entirely out of the question; 
the same is true over a desert or other undeveloped region where it would 
be far more economical lo use the radio-telephone than the wire-telephone. 
The above does not, however, mean that these two systems of telephony 
are antagonistic; on the contrary, they supplement each other. A sub¬ 
scriber to a wire-telephone system is now able to communicate with 
passengers on board ships equipped with radio-phone, the transmission of 
speech being accomplished by wire overland to a central radio station and 
therefrom by radio to the ship; it is expected that the same will soon apply 
generally to airships. Thus, the two divisions of the telephone art will 
work hand in hand rather than in any way conflict with each other. 

For broadcasting purposes radio-telephony is in a field by itself; at 
the present time an audience of twenty'million people is available to the 
speaker who has something worth while listening to. Because of the 
vast field, and consequent importance, of radio-telephony a tremendous 
amount of research and development has taken place recently in the 
analysis and reproduction of the human voice. Ordinary wire-teleph- 
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ony has consequently profited greatly by the progress of radio-telephony 
but it has not generally been able to keep pace with the latter. The voice 
of a speaker today may reach his vast audience over the radio channel 
with an accuracy of reproduction far greater than that existing over a 
mile of ordinary telephone line with its associated apparatus. The 
economic reason becomes evident when we remember that the great 
expense involved in faithful reproduction of the voice is required at only 
one station in radio-telephony, namely the transmitting station. It 
could not possibly pay to bring the ordinary wire-telephone channel to 
the same degree of perfection as exists today in 
a good transmitting station. - t — | 

Outline of Principle of Operation.—The two 
elements necessary for radio-telephony are, of 
course, the transmitter and the receiver. We 
will consider the transmitter and the receiver 
separately and at first in their simplest forms. 

The Transmitter.—Consider Fig. 1, in which 

the high-frequency alternator, such as an Alex- 

anderson, or Fessenden, alternator, is connected 

in series with the loading inductance L, the 

antenna, and the microphone transmitter T. 

The microphone transmitter may be one of the 

ordinary carbon granule type, the construction 

of which is fully explained on p. 790; without 

going into details, it will suffice to state here 

that such a microphone consists simply of an 

elastic diaphragm bearing against a mass of 

carbon granules enclosed in a suitable chamber; 

the carbon granules fonn part of an electrical scheme for radio-teleph- 

circuit (in the case of Fig. 1 the circuit of the ony utilizes a source 

alternator). When the microphone is not being frequency A, and 

spoken into the diaphragm remains stationary ^ . 

* i ^ antenna and a 

and exerts a constant pressure upon the carbon tuning inductance, L. 
granules, the resistance of which remains, there¬ 
fore, constant. On the other hand, when the diaphragm is set vibrating, 
as is done by speaking into the microphone or through a noise or sound 
reaching it, the pressure exerted by the diaphragm against the carbon 
granules changes, and this change of pressure causes the resistance of the 
carbon granules to increase or decrease in accordance with the displace¬ 
ment of the diaphragm from its position of rest. 

In the case of Fig. 1, when the microphone is not being spoken into, the 
alternator produces a high-frequency current of condani amplitude^ i.e., 
an undamped current; the amplitude of this current is adjusted to the 
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maximum by adjusting the inductance L so as to make the natural fre¬ 
quency of the circuit equal to the frequency of the alternator. The cur¬ 
rent flowing through the antenna under these conditions may be repre¬ 
sented by Fig. 2, which simply shows an alternating current of constant 
amplitude, lo. 

Now, assume, for the sake of simplicity, that a vibrating tuning fork 
is placed in front of the microphone. The harmonic vibrations of the 
tuning fork will cause harmonic vibrations of the microphone diaphragm, 
and these will produce variations in the resistance of the microphone. 
Since no other part of the circuit of Fig. 1 is undergoing any change, it 
is plain that a variation of the microphone resistance will produce a cor¬ 
responding variation in the amplitude of the high-frequency antenna 
current. Thus, when the diaphragm is displaced inwardly the resistance 
of the microphone and, therefore, of the entire alternator circuit, decreases, 
and the amplitude of the current supplied by the alternator must neces¬ 
sarily increase; the reverse takes place when the diaphragm is displaced 
outwardly. 



Fig. 2.—When no sound impinges on the microphone the amplitude of the high-frequency 
current supplied to the antenna is constant. 

The antenna current under these conditions would be as shown in 
Fig. 3, where the curve*of the displacement of the microphone diaphragm 
is also given. 

It will be noted that the frequency of the antenna current (as deter¬ 
mined by time between succea.sive zero values) must remain the same 
whether the microphone diaphragm is operating or not, since it is solely 
determined by the frequency of the alternator; but the amplitude of this 
high-frequency current is made to vary in accordance with the tuning- 
fork vibrations, in so far as this amplitude changes from the maximum 
of A\F\y corresponding to the maximum inward diaphnigrn displacement 
of BiHiy to the minimum of C\(hy corresponding to the maximum out¬ 
ward diaphragm displacement of D\L\, I'he time between the maxi¬ 
mum current amplitudes at and A 2 or between the minimum ampli¬ 
tudes at Cl and C 2 in the same as that between the maximum positive 
diaphragm displacements at B\ and B 2 or between the maximum negative 
diaphragm displacements at D\ and D 2 . Or^ in other wordsy the frequencyy 
with which the antenna current amplitude changes from maximum to minimum 
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and hack to rruiximumy is the same as the frequency of the microphone dia¬ 
phragm and of the tuning-fork vibrations. When the displacement of the 
microphone diaphragm is zero, as after the point Ky the antenna current 
becomes the same as in Fig. 2, i.e., of unvarying amplitude. 

The antenna current represented by Fig. 3 is said to be modulated.'' 
The high frequency is known in this case as the carrier frequencyy" and 
the frequency of the microphone diaphragm, which is impressed upon the 
antenna current, is known as the '' modulating frequency 

It now remains to show how the modulated antenna current repre¬ 
sented by Fig. 3, when received by the receiving antenna, may be made to 



Fig. 3.—If a sound wave actuates the microphone, its inward and outward displacement, 
varying the resistance in the antenna circuit, results in a hi^h-frequency current 
in the antenna of variable amplitude, called a modulated hig;h-frequency current. 


so affect the diaphragm of a telephone receiver as to reproduce the note 
emitted by the tuning fork. 

Types of Modulation.—The modulated current depicted in Fig. 3 has 
its amplitude varying at modulation frequency; this type of modulation 
is universally used today. However, it is possible to carry on radio 
telephony by other modulation schemes. The phase of the carrier current 
can be shifted back and forth at the modulation frequency, and the 
frequency of the carrier current can be varied in accordance with the 
modulation. These are called phase modulation and frequency modxdaiion 
respectively. 

Both phase and frequency modulation give an infinite number of 
side bands (explained later in this chapter) causing interference in neigh- 
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boring radio channels and so are never used in practice. Neither of them 
will give an intelligible signal if supplied to a detector circuit; they must 



Fig. 4.—The current flowing in the receiving antenna is a modulated high-frequency 
current, similar in form to the current in the transmitting antenna (providing 
certain conditions, outhned later, are fulfilled). 


first be supplied to a circuit tuned to the unmodulated carrier current. 
The action of this tuned circuit is to produce a variation in amplitude of 
the current; thus before being supplied to the detector both of these types 

of modulation must be effec¬ 
tively changed to amplitude 
modulation. 

Whenever the term modu¬ 
lation is used in this text, 
amplitude modulation is 
assumed. 

The Receiver. —The 

simplest possible receiver is 
exactly the same as used for 
spark telegraphy, as shown 
in Fig. 26 of Chapter V, p. 
436. Whereas in this figure a 
crystal rectifier has been 
shown, a vacuum detector 
would probably be used. 

The manipulations neces- 

Fig. 6.—To make the discussion of the received f^^ operation of this 

signal simple a rectifier with this simple recti-* receiver are the Same as for 
fication characteristic is assumed. any spark receiver; the an¬ 

tenna circuit and the closed 
circuit must be tuned to the incoming high frequency, and the coupling 
between the antenna circuit and the closed circuit should ordinarily be 
made loose. 
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It is plain that the e.m.f. impressed upon the receiving antenna, due 
to the electromagnetic waves emanating from the transmitter, will produce 
a current in the receiving antenna which will be a reproduction of the cur¬ 
rent in the transmitting antenna; let it be represented by the curve of 
Fig. 4, wherein the part between S and K corresponds to a period of 
action of the distant microphone diaphragm and the rest of the curve 
corresponds to a position of rest of the microphone diaphragm. Assume, 
for the sake of simplicity, that the rectifier used in the receiving circuit 
has the characteristic represented by Fig. 5; i.e., a characteristic such 
that a negative e.m.f. impressed upon the circuit of the rectifier pro¬ 
duces no current whatsoever and a positive e.m.f. produces a current 
which varies directly with the e.m.f.^ 

It is then plain that the e.m.f. impressed upon the receiving antenna 
and transferred to the rectifier circuit by suitable coupling coils will pro¬ 
duce a current in the rectifier circuit of the form shown in Fig. 6. The 



Fig. 6.—The form of current flowing through the crystal and “by-pass’' condenser 
around the phones; the current through the phones is the average value of this uni¬ 
directional high-frequency current, shown by the dotted line. 


current of Fig. 6, though unidirectional, is yet one which changes at high 
frequency, and as such it cannot flow through the high-impedance winding 
of the telephone receiver; therefore, the current in the receiver will be 
the average current shown by the dotted curve entered in Fig. 6. 

It will be noted that the current in the telephone receiver between 
F and //, Fig. 6, which corresponds to a period of activity of the micro¬ 
phone at the distant transmitting station, is one which changes periodically, 
between a maximum and a minimum, at the “ modulating frequency 
on the other hand, the current between H and M corresponding to a 

' Rectifiers used in radio work (such as crystal detectors and tubes with or without 
gnd condenser) have a characteristic such that the current varies approximately with 
the square of the e.m.f.; the action of these rectifiers in connection with spark telegraph 
reception is fully discussed on pp. 441 et seq. The assumption of a rectifier with linear 
characteristic, as in Fig. 6, does not involve any change in the fundamental principle of 
radio-phone reception, and is here made purely for the sake of presenting this matter in 
the simplest possible manner. 
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period during which the microphone transmitter is idle, is constant. The 
result is that during this latter period the receiver diaphragm will 
suffer a constant displacement represented by Do in Fig. 7; while 
during the period of activity of the transmitting microphone the dis¬ 
placement of the receiver diaphragm will change somewhat as shown 
by B\-D\-B 2 -D '2 on Fig. 7, or, in other words, the receiver diaphragm 
will be caused to vibrate at the modulating frequency, i.e., the frequency 
of the tuning fork, at the transmitting station. Thus, the vibrations of 
the tuning fork and the sound produced thereby will be duplicated by 
the vibrations of the receiver diaphragm at the receiving station. It will, 
of course, be understood that the amplitude of the vibrations of the receiver 
diaphragm, and hence the volume of sound emitted thereby, will depend 
upon the strength of the electromagnetic field on reaching the receiving 
antenna, the height and construction of the receiving antenna, and upon 
the receiver and detector sensitiveness, etc. 



Fig. 7.—Displacement of receiver diaphragm produced by dotted current of Fig. 6; it 
is assumed that the direction of current through the telephone receiver is such as to 
weaken the field of the permanent magnet, thus letting the diaphragm move farther 
out as the current increases. 

It now remains to show that such a radio-phone system as was discussed 
above will transmit speech. That is, it is necessary to show that, if we 
speak into the transmitting microphone and thereby cause its diaphragm 
to vibrate in accordance with the complex air vibrations produced by speak¬ 
ing, the diaphragm of the telephone receiver at the distant receiving station 
will vibrate in such a manner as to reproduce speech. 

Frequencies Required for Speech and Music. —To begin with, the very 
complex vibrations of the microphone diaphragm, due to speech, may be 
resolved into an infinite number of harmonic components of different fre¬ 
quencies, different amplitudes, and bearing certain phase relations to one 
another. Experimental investigation has shown, however, that, while the 
number of these components is theoretically infinite, yet, practically, only 
the components having frequencies between about 100 and 10,000 cycles 
per second need be considered, since the amplitude of the others is so small 
as to be negligible. 
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For music, however, a somewhat wider range of frequency is required. 
In Fig. 8 there is shown a chart giving the frequency range of all ordinary 
musical instruments, as well as the human voice. In Fig. 9 the ranges are 
presented in a different manner, and at either end of the line showing the 
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Fig. 8.—Chart showing frequency ranges of the human voice, and various musical 
instruments, compared to the piano key board (Electronics). 


frequency range is shown a cross, marking what might be called the 
necessary frequency range for that instrument. This limit was found 
by cutting off the upper and lower frequtmcy limits to s\ich an extent that 
the average listener could tell that the quality, or timbre, of the musical 
instrument had been 
affected. If can be seen 
from this figure that for 
good rendition of speech 
and music the frequencies 
between 40 and 15,000 
should be reproduced. 

Phase of Harmonics 
not Important. —It has 
been proved ^ that, as 
long as the amplitudes 
of the harmonic com¬ 
ponents of the micro¬ 
phone diaphragm vibra¬ 
tions are reproduced in 
the vibrations of the receiver diaphragm in the same ratio as they 
have for the transmitter diaphragm, without any reference whatever to 
phase relations^ then the speech which caused the vibrations of the 

1 See Bureau of Standards Scientific Paixjr No. 127, by Lloyd and Agnew. 
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microphone diaphragm will be faithfully reproduced, without any distor- 
tioUy by the receiver diaphragm. In other words, without paying any 
attention to phase relations, it is sufficient for transmitting speech 
that if, as is generally the case, the simple components of the vibra¬ 
tions of the microphone diaphragm are reproduced by the receiver 
diaphragm with changed amplitudes^ the percentage change be alike for the 
amplitudes of all the component frequencies. This principle is of very great 
practical importance not only in radio-telephony, but in wire-telephony 
as well. 

This idea is illustrated in Fig. 10; here in dotted lines are shown two 
simple sine waves, one of three times the frequency of the other. This 
higher frequency is called the third harmonic of the lower frequency. For 
the two conditions, A and B of Fig. 10, the two component waves have the 
same amplitude, but in B the phase of the third harmonic is reversed from 

the case of A. The result¬ 
ant wave for each case 
is shown by the solid-line 
curves. Now a pressure 
wave of shape A, acting 
on the ear, would produce 
just the same impression 
as would the pressure wave 
shown in B. The tw'o 
musical tones would seem to 
have just the same quality. 

A musical note made up 
of a 1000-cycle fundamental 
and a 5000 to 10,000 har¬ 
monic does not sound distorted if the higher frequency is delayed, with 
respect to the fundamental, as much as 5 to 10 milliseconds. If there is 
a 50-cycle note as well, however, this can be delayed, with respect to the 
1000-cycle note, as much as 75 milliseconds, without sounding badly 
distorted. 

All Modulation Frequencies Attenuated Alike. —We have already shown 
how harmonic vibrations of the microphone diaphragm having a single 
frequency, such as those caused by a tuning fork, may be reproduced 
in the receiver diaphragm. It is plain that the amplitude of the displace¬ 
ment of the receiver diaphragm depends jupon the intensity of the elec¬ 
tromagnetic field on reaching the receiving antenna and upon the constants 
of the receiving system, including the construction of the antenna, the 
sensitiveness of the rectifier and of the telephone receiver, as well as the 
amount of coupling between the open and closed circuits, the damping 
thereof, and also whether the rectified current is amplified by a suitable 




Fig. 10.—Although there still is some difference of 
opinion it is generally conceded that a sound wave 
gives the same impression to the brain no matter 
what ^the relative phases of its harmonics are; 
wave By made up of the same two components 
as wave A, will sound just the same as wave A, 
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amplifier or not. Of course the intensity of the electromagnetic field at 
the receiving antenna is a function of the distance between the transmitting 
and receiving antennas, the wave length corresponding to the carrier 
frequency, the height of the two antennas and the absorption of energy 
due to the intervening medium, which is in turn a function of the wave 
length; hence, no matter what the value of the modulating frequency or 
the frequency of the transmitter diaphragm, the per cent change in ampli¬ 
tude of the carrier current as related to the displacement of the receiver 
diaphragm must be the same for all values of modulating frequency,^ 
because the percentage of radiated energy which reaches the receiving 
antenna is dependent upon the carrier frequency and not upon the modulating 
frequency. Again, as regards 
the effect of the constants of the 
receiving circuit upon the ampli¬ 
tude of the receiver diaphragm 
displacement the receiving circuit 
may be so chosen and adjusted 
that it will affect all modulating 
frequencies within the speech range 
to approximately the same extent. 

It follows from the above that, 
if the transmitting diaphragm be 
spoken into, the displacement of 
the diaphragm corresponding to 
each of the possible harmonic 
components of its vibrations will 
be reproduced in the receiver 
diaphragm with practically the 
same percentage change in ampli- 
Uide, and hence speech will be 
correctly reproduced. 

The carrier frequency should be much higher than the highest important 
speech frequency, which is in the neighborhood of 5000 cycles per second; 
therefore, the carrier frequency should be at least above, say, 15 kc. per 
second, and, as a matter of fact, in actual practice it is seldom lower than 
100 kc. per second, and a frequency as high as 40 megacycles per second 
has been used. 

It might be thought that this carrier frequency may be dispensed 
with and the vibrations of the telephone diaphragm may be caused to 
produce antenna currents of audio frequency, by means of a circuit arrange¬ 
ment somewhat as shown in Fig. 11, where the microphone M would, on 

' In case interference between ground wave and sky wave is serious this statement is 
not true; see p. 3S!5. 



Fig. 11. —Such a scheme as this, dispensing 
with the carrier frequeiicy, cannot be used 
because practically no power can be ra¬ 
diated from an antenna with currents of 
voice freciuency. 
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being spoken into, produce audio-frequency currents in the antenna, 
through the means of the transformer T, This system would fail, be¬ 
cause it would require a prohibitively large antenna in order that the 
audio-frequency currents might cause sufficient energy to be radiated 
for successful transmission over a reasonable distance; hence the use of 
the high-frequency carrier.” ^ 

Sources of Power. —It is hardly necessary to emphasize the fact that 
the generator of the high-frequency carrier must be such as to cause by 
itself no change in the amplitude of the high-frequency carrier; otherwise 

this would be heard in the receiver, together 
with the speech, and would interfere with 
the latter. In other words, the high-fre¬ 
quency generator must not interfere with 
the modulation of the high-frequency cur¬ 
rent as brought about by the microphone 
transmitter. 

The sources of power which may be used 
are those which will produce undamped high- 
frequency currents. (See p. 713, Chapter 
VII.) Of these various sources the follow¬ 
ing have been used for radio-telephony: 

The Poulsen Arc. 

The Alexanderson or Fessenden Al¬ 
ternator. 

The Oscillating Vacuum Tube. 



Fig. 12.—Internal con.striictton 
of the ordinary microphone; 
the carbon granules between 
plates B and B' are the seat 
of the variable resistance. 


All of the above have been fully described 
in Chapters VI and VII, and we shall, in 
this chapter, study the manner only in 
which each of them may be connected for 
successful radio transmission of speech. 

Before going any further we will first 
briefly describe various types of telephone 
transmitters and will later discuss the manner of using them in radio¬ 
telephone circuits. 

Microphones or Transmitters. —The microphones used in radio at 
present are generally of the carbon granule type, called the solid back 
carbon transmitter. These microphones may use single or double cells of 
carbon granules, the latter being used almost exclusively in broadcasting 
stations. The single-cell microphone, used in ordinary wire telephony, 
has essentially the construction indicated in Fig. 12. 

’ It is shown in Chapter IX, that the power radiated from a simple antenna increates 
with the square of the frequency. 







DOUBLE-BUTTON TRANSMITTER 


791 


It consists of an elastic diaphragm A mounted upon the rubber 
ring FF, which is in turn held against Ey the diaphragm being mechani¬ 
cally connected to the carbon block B\ B' is placed opposite another 
carbon block B in a chamber filled with small carbon granules C; this 
chamber is closed by means of the mica washer G and the insulating 
nut //. The two carbon blocks B and B' form the two electrical 
terminals of the transmitter; the wall of the chamber containing the 
granules is coven^d with a strip of paper designated by Z); if a source 
of e.m.f. be connected to B and B' it will send a current from B through 
the carbon granules and to B', or vice versa. On speaking into the 
transmitter the diaphragm is caused to vibrate, and these vibrations are 
mechanically transferred to the block B' so that the latter’s pressure upon 
the carbon granules is made to vary; this varies the resistance between 
B and B', and hence it varies also the current in the circuit wherein the 
transmitter is connected. 

Such an arrangement is very sensitive to changes in pressure on the 
diaphragm and is known as a microphone transmitter. The current 
carried by such a transmitter is very small because of the fact that a limit 
is soon reached beyond which arcs ” are developed between granules, the 
contact points of which become red hot, and the transmitter becomes 
useless. The current-carrying capacity of an ordinary transmitter is 
about 0.1 ampere, and its average resistance when not spoken into is 50 
to 100 ohms, so that the power capacity is a maximum of O.l-XlOO or 
1 watt. Some special microphone transmitters “ low resistance,” may be 
obtained which have a r(\sistance of 10 to 20 ohms and a current-carrying 
capacity of 0.5 ampere, or a maximum power capacity equal to 0.5^’X20 
or 5 watts. 

The maximum motion of the diaphragm of the ordinary microphone 
should not exceed about 0.0001 in., otherwise the a.c. output of the circuit 
will not resemble th(‘ sound-pressure wave of input. That is, if the sound 
pressure is a pure sine wave, such as might be given off from a tuning fork, 
the fluctuation of current through the microphone will also be of sine-wave 
form if the to-and-fro motion of the diaphragm does not exceed the value 
given; if this is exceeded the current wave will depart from sine form being 
distorted by the presence of both even and odd harmonics. The distortion 
becomes increasingly greater as the sound-pressure wave increases in 
intensity. 

Double-Button Transmitter. —By using two cells of carbon granules and 
making connections as shown in Fig. 13 some of the defects of the simple 
microphone are done away with. As shown in Fig. 13 this microphone 
consists of a diaphragm stretched between the two chambers contain¬ 
ing the carbon granules. Evidently a sound wave which increases the pres¬ 
sure in one chamber will decrease it in the other so that the current in one 
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side decreases as that in the other side increases. This idea of balancing 
an increasing effect by a decreasing effect has been much used in radio 
apparatus; it will in general get rid of the distortion produced by even 
harmonics. To utilize the effect of such a double-cell microphone a special 
transformer must be used, having a split primary. It may be seen by 
following the direction of windings and currents that the opposition effects 
of the microphone do not balance out, but add together in the transformer. 
Thus the voltage induced in the secondary winding is twice as much as 
would be given by only one side of the microphone, and is much more free 
from distortion than the single-cell microphone would be. Furthermore, 
the steady value of current flowing through the microphone does not 
magnetize the core of the transformer at all; it is only the change in cur¬ 
rents h and I 2 that produce flux in the core and hence voltage in the second¬ 
ary coil. It will furthermore be noticed that changes in the voltage of the 

battery have no effect 
at all on the secondary 
voltage; such a change 
affects both h and I 2 
equally and so the 
circuit remains balanced 
whatever E may be¬ 
come. 

The diaphragm is 
very tightly stretched, 
and placed a very short 
distance from a flat 
metal plate. The 
stretching makes the 
natural period very high and placing the diaphragm close to the metal plate 
gives a high damping effect. Both of these features of construction reduce 
the sensitiveness of the microphone so that more amplification must be 
used and, of course, the amplification itself may bring in some distortion. 
The engineer has to balance these two effects. His knowledge of the 
characteristics of amplifiers is such that it pays to make the microphone 
very insensitive, with the concomitant feature of faithful reproduction. 

In Fig. 14 is shown a cross-section of one of these double-button micro¬ 
phones; the carbon granules are shown at F, in one cell above the diaphragm 
and one below it. This diaphragm is 0.00J7 in. thick, of duralumin, and is 
stretched (by the rings shown in the cut) until its natural frequency is 
about 6000 per second. The back plate I is only 0.001 in. from the dia¬ 
phragm when this is in its final position. 

Each granule chamber has a volume of only 0.06 cc. and contains about 
3000 granules of carbon made from anthracite coal. This is crushed and 



Fig. 13.—In the double-button microphone the motion 
of the diaphragm compresses the granules in one cell 
and decreases the pressure in the other cell; this con¬ 
struction, in combination with the split primary trans¬ 
former does much to prevent distortion of the speech- 
current forms. 
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sifted; the granules to be used must pass through a 60-mesh and be caught 
by an 80-mesh sieve. These selected particles are treated with hydrofluoric 
and hydrochloric acids and given a certain heat treatment. 

The duralumin diaphragm is gold plated on both sides where it passes 
through the granule chambers; this is to prevent oxidation of the metal 
which would introduce an uncertain resistance in the circuit. The gold 
is put on by the “ sputtering ” process, from gold cathodes, in a vacuum 
of about 0.1 mm. About 5 mg. of gold are used, making the gold plate 
about 0.001 mm. thick.' 

The granules are held in their chambers by an ingenious gasket con¬ 
struction shown at (7, Fig. 14. A lot of paper rings (about 30) each 0.0004 



Fig. 14.—Cross-section of a modern double-button microphone. 


in. thick are clamped tight at their outer edges, at KK of the insert, and 
spread out at their inner edges, fr, sufficiently to effectively close the twogran- 
ule cells. However, these light paper gaskets put practically no mechanical 
load on the diaphragm, so that it can move back and forth freely. As 
made today the back plate I is properly grooved, to prevent the stretched 
diaphragm from showing any marked resonance characteristics. 

The normal microphone of this type uses a continuous current in each 
button of about 0.025 ampere. Each button has a resistance of 100 to 400 
ohms. It has been found that, when connected up in the simple circuit 
shown in Fig. 11, the granules are likely to stick together, making the 
1 B.S.T.J.. April, 1932, p. 283. 
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button nearly inoperative. By the use of a simple Slter (Fig. 15) to prevent 
electrical kicks ” from getting into the microphone, the packing of the 
granules is practically prevented. 

Rating of a Microphone. —A microphone is rated in terms of the alter¬ 
nating voltage output generated by a known sound pressure. Naturally 
this voltage output must depend upon the resistance of the load circuit 
into which the microphone is sending its power. If the microphone is 

intended to feed into a vac¬ 
uum tube amplifier its out¬ 
put transformer will have a 
high step-up ratio, and if it 
is to work into a telephone 
line it will have a somewhat 
lower ratio. 

To make the ratings of 
microphones comparable it is 
customary to rate them as of zero decibel level if they give 1 volt output on 
open circuit, with a sound pressure of 1 bar (one dyne per square centi¬ 
meter). A microphone that is 20 decibels down, i.o., —20 DB, would be 
capable of delivering 1/100 as much power as the hypothetical standard 
one; and as power varies as the square of the voltage, this microphone 
must generate 1/10 as much voltage as the standard, or 0.1 volt per bar. 
Most microphones give a response between —50 DB and —60 DB, and 
so generate a few millivolts per bar. The voltage output is of course 
measured with a 1-1 
transformer. The 
standard zero level 
microphone is sup- »|-5o 
posedly measured the °-55 

same way; the voltage ^ 

is that developed by Pressure calibrutiun same as thermuphonu 

the microphone itS(df, —Response of a double-button microphone for dif- 

and not affected by ferent frequencies; a thermophone was used to ji;enerate 
the associated appa- the sound wave, 
ratus. 

The double-button microphone shown in Fig. 14 has a calibration as 
shown in Fig. 16; the response scale is given in both decibels and milli¬ 
volts. It will be seen that the response is remarkably uniform, at 4 milli¬ 
volts, from 50 to 10,000 cycles per second. This is about 1/100 as much 
response as the microphone of the ordinary telephone set; the response of 
the latter, however, does not extend over so wide a frequency range, and is 
not so free from distortion effects, as the double-button stretched-dia- 
phragm we described above. 




.C014 henry 




.0014 henry 

Fig. 15.—A simple one section filter is used to 
prevent arcing and sticking of the carbon 
granules. 
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In order to prevent jars from giving loud microphone response this is 
always spring-suspended in a light metal frame to make the microphone 
independent of floor vibrations, etc.; the frame is generally covered with 
silk, to keep out dirt and improve its appearance. 

The Microphone as a Circuit Element.—The microphone is merely a 
variable resistance, the variation presumably following the sound pressure 
waves which impinge upon it; the circuit diagram is given in Fig. 17 (a). 
Here the resistance of the microphone is given by Rm and that of the rest 
of the circuit by H. This R is the equivalent primary circuit resistance of 
the transformer from which the microphone modulated power is taken. 
It will, of course, not be a true resistance, as there will also be an inductive 
reactance involved. However, this reactance should be kept as small as 
possible in the actual circuit to prevent frequency discrimination by the 
microphone; it may be made quite small compared to the resistance com¬ 
ponent of the transformer impedance, so we neglect it and treat the 
transformer as a pure resistance R. 

We will assume that the 
resistance of the microphone 
may be written 

Rtti — Ro'~\~R] eos 0 ) 1 . (1) 

This assumes that the resist¬ 
ance of the microphone varies 
sinusoidally as a sine wave of 
sound pressure is put on the 
diaphragm. A possible curve 
of resistance variation of a microphone is given in Fig. 17 (6); the relation 
is not a linear one, so that if the pressure is sinusoidal the resistance varia¬ 
tion cannot be sinusoidal. However, if a very small pressure change is con¬ 
sidered the variation between increments of pressure and increments of 
resistance is nearly linear, although in an inverse sense. In other words, 
if the pressure increases 1 per cent the resistance decreases 1 per cent, and 
vice versa. Thus for a small sinusoidal pressure variation on the micro¬ 
phone the resistance may be assumed to have a sinusoidal variation as is 
given in Fcj. (1). But it must be remembered that for large pressure vari¬ 
ation Eq. (1) is not correct and to that extent any deduction reached by the 
help of Eq. (1) will be correspondingly in error. 

Another very important point is involved in this simple analysis. In 
general, we use in electric circuit theory the principle of superposition; 
having solved a circuit separately for various harmonic forces, of different 
frequencies, we add the separate solutions and conclude this to be the 
proper answer to the problem when all the harmonic forces act on the cir¬ 
cuit simultaneously. This principle of superposition cannot be used when 




(’■) 

Fio. 17.—The microphone as a circuit element. 
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any of the so-called constants of the circuit L, C, and Ry are not constant. If 
therefore we derive from Eq. (1) solutions for various frequencies of sound 
pressure, say 10 bars of 1000 cycles, 3 bars of 2000 cycles, and 1 bar of 3000 
cycles, we cannot add these solutions and get the proper answer as to what 
happens when a complex pressure wave, made up of these three forces, 
acts on the diaphragm. 

Evidently a general solution to this microphone problem will be 
extremely involved, so we attempt only the simplest case, that of a single 
frequency acting in accordance with Eq. (1). 

The total fixed resistance in the circuit we call R 2 . Evidently 

R2 — R~\~Ro> . 

Then we have 

E 

i~ - 

R 2 + R 1 cos 


( 2 ) 

( 3 ) 


The solution of an equation of this type is given in any good table of 
integrals and is 




^ {-\T2E /l- 

V/faVl-C/e, R>)\ 


I-HU luy- 
lU/IU 


cos no)t (4) 


If we assume that R 1 /R 2 is less than 10 per cent (as in practice it should 
not exceed this if distortion is to be avoided), then we have as an 
approximate solution 


. E E Ri 


'A.(!hY 

2rAh2/ 


cos 2oit —: 




cos 3a;^ + . 


Whereas for the first term Rz is the total circuit resistance offered to the 
flow of continuous current, the resistances Ri and Rz for the other terms 
should be the resistance offered to the flow of alternating current, of the 
frequency involved in that term. 

From the solution of Eq. (5), which was obtained by neglecting some 
factors that produce distortion, we see that the output is still distorted; 
putting on a sound wave of sine form gives a microphone output having an 
infinite number of frequencies. Inspection of Eq. (5) shows that to be 
reasonably free from distortion a microphone must be very inefficient. In 
other words, the pressure changes on the diaphragm must be small, hence 
the change in current delivered by E must be small, hence but a very small 
fraction of the power delivered by battery E is changed into alternating 
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current power resembling the voice wave impinging on the diaphragm. 
This is apparently a fundamental principle in devices of this kind; to give a 
distortionless response the device must be operated to give an output which 
is a very small fraction of its input. 

Moving Coil Microphone. —Jones and Giles ^ have applied the prin¬ 
ciple and general construction of a moving coil loud speaker to make a 
moving coil microphone. The light diaphragm carries a light coil which 
moves back and forth in an annular air gap and so generates a voltage pro¬ 
portional to the velocity of the moving coil. Its response is reasonably 
uniform from 40 to 10,000 cycles but is low, being about —80 DB. Its 
voltage is only a small fraction of that given by the carbon microphone. 

Desirable Characteristics of a Microphone. —It will be realized from 
the ideas so far presented in this chapter that it is the function of the 
microphone to produce electric currents which have the same form as the 
sound waves impinging on its diaphragm. It may well be called the 
heart of a broadcast transmitting station. 

If the electrical engineer once gets currents of exactly the same shape 
as the sound-pressure waves of the radio performer, he can send out 
perfectly modulated radio-telephone waves. If, however, the microphone 
does not faithfully perform its function the radiated signal will, to that 
extent, be unrecognizable as the performer^s voice. The following charac¬ 
teristics should evidently be possessed by a good microphone: 

(1) Proportionality between secondary voltage (of transformer of 
Fig. 13 for example) and the amplitude of the sound waves, 
this proportionality to hold good over large variations in sound 
intensity. 

(2) For a given sound pressure a given secondary voltage, inde¬ 
pendent of frequency. 

(3) Sensitivity high and constant, irrespective of weather condi¬ 
tions, etc. 

(4) Critical damping of its moving parts so that there is no mechan¬ 
ical resonance tending to accentuate some frequencies more 
than others. 

(5) Freedom from noises due to irregularities within itself, such as 

carbon noises and “ breathing,” a kind of whispering sound 
which the carbon microphone gives off to some extent. 

Condenser Microphone. —This is probably the most perfect transmitter 
used in broadcasting today but it is somewhat troublesome to maintain.^ 

1 Jour. Soc. Motion Picture Engineers, Dec., 1931, p. 977. 

2 See “Electrostatic Transmitter,^ by E. C. Wente, Phy. Rev., July, 1917, and May, 
1922. Also article on air damping of condenser microphone, by Crandall in Phys. Rev. 
for June, 1918. 
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It is essentially a condenser consisting of two steel plates with air for dielec¬ 
tric. One of the plates is heavy and rigid and forms the solid mechanical 
frame work of the transmitter. The other plate of the condenser is a 

thin, tightly-stretched duralu¬ 
min diaphragm about 0.002 in. 
thick, insulated from the other 
plate and supported 0.001 in. 
away. The diaphragm is 
stretched sufficiently to give 
it a natural frequency of 
several thousand a second, 
and the back plate is prop¬ 
erly grooved, and provided 
with holes for air flow, to pre¬ 
vent any marked natural fre¬ 
quency, or resonance effects. 

As the sound waves move the diaphragm back and forth the capacity 
of the device changes and it thus varies the amount of charge it takes for a 
given voltage. The condenser is con¬ 
nected to a high-voltage battery, 
through a high resistance, and the 
variable charging current drawn 
through this resistance, produces a 
varying RI drop which is supplied to 
the grid of an amplifier. As the capac¬ 
ity is only a few micro-microfarads 
the varying charging current will evi¬ 
dently be extremely small. The insu¬ 
lation of this type of transmitter must 
be extremely high so that any leakage 
current will be negligible compared 
to the charging current. After the 
microphone is assembled, and joints 
made tight, it is filled with dry nitro¬ 
gen, to keep it from rusting, etc. 

In Fig. 18 is shown a typical circuit 
arrangement for a condenser micro¬ 
phone and the external appearance of 
the microphone is shown in Fig. IS-A. 

The 180-voIt battery charges the con¬ 
denser (i.e., the microphone) through a 20-megohm resistance; when the 
capacity changes due to sound waves changing the distance between 
the diaphragm and back plate, a variable current flows through this 



Fig. 18A.—Appoaninoc of a condenser 
microphone; inside the case, with the 
vibrating diaphragm, is one stage of 
transformer ref)eating amplifier, gener- 
.aJly using a low output impedance tri- 
ode. (Microphone manufactured by 
Jenkins-Adair Co.) 



Fig. 18.—Circuit diagram of a condenser micro¬ 
phone. 





CONDENSER MICROPHONE 


799 


resistance and so gives a variable voltage which is impressed on the grid 
of a type 112 triode. The plate circuit of this is excited by the same 
180-volt battery, through a resistance R. In this special circuit a trans¬ 
former Tf designed to feed into a 200-ohm circuit, in series with con¬ 
denser Cy is shunted around the resistance R. With the secondary of 
the transformer open, this amplifying circuit of itself has a frequency 
response as shown in Fig. 19. The voltage amplification is about two, 
being somewhat higher in the 
low-frequency range owing to 
resonance of the condenser and 
transformer. This effect would 
not be there when the proper 
load circuit is connected to the 
transformer. This audio-fre¬ 
quency amplifier is practically 
flat in its response from 40 to 
10,000 cycles per second. If it 
were not like this, it would be of no use to employ the condenser micro¬ 
phone, having a wide frequency response. 

In Fig. 20 are shown two calibration curves for a condenser microphone, 
one taken in the laboratory with a thermophone for sound generator, and 
the other taken outdoors, to prevent reflections. The voltage given on 
these curv(‘ sheets is that dev('loped across the 20-megohm resistance in 
series with the 180-voIt battery and the microphone. The peak at about 
3000 cycles, in the field measurement curve, is probably due to resonance 



10 100 1000 10.000 
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Fig. 19. —Response of the amplifier stage of 
the circuit of Fig. 18. 
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Fig. 20. —Calihratioii of a condenser microphone sound waves traveling perpendicular 

to diaphragm. 


in the shallow cavity in front of the vibrating diaphragm. When getting 
this curve the sound was traveling at right angles to the microphone 
(normal condition); in Fig. 21 is shown the corresponding curve when the 
microphone had been rotated 90°, so that the sound was traveling parallel 
to the diaphragm.^ 

‘ A theoretical analysis of methods of calibrating microphones by Sivian, is given In 
B.S.T.J., Jan., 1931, p. 96. 
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These calibration curves show the condenser type to be somewhat less 
sensitive than the carbon button microphone; however, because of the 
fact that it is more free from back ground noise (“ carbon noise If is 
generally used for the highest grade of sound reproduction. It requires, 
of course, somewhat more amplification. 



Fiq. 21.—Calibration curve of condenser microphone sound waves traveling parallel 

to diaphragm. 


Form of Current Generated by a Condenser Microphone.—The circuit 
of the condenser microphone is shown in Fig. 22. The condenser C is 
made to change its capacity by the voice waves impinging upon the 
stretched diaphragm used for one of its plates and thus changing the dis¬ 
tance between the plates. Its capacity is thus a variable, and we will 
assume that when a sine wave of sound pressure is cting, the capacity 

(7= (7o(l sin o)/) (6) 


in .which Co is the capacity when the microphone 
is inactive and a is the fractional part by which Co 
changes under the influence of the sound waves. 

We may obtain an approximate solution very 
simply when the ordinarily used values of R and C 
are considered. Thus C = 500 micro-microfarads 
and 7^ = 20 megohms represent typical practice, 
so the time constant of the circuit RC is 0.01 
second. This means that if the capacity changes, 
thus requiring the charge to change if the voltage across the condenser is 
to remain equal to the battery voltage E, this change in charge will be only 
1/e (63 per cent) complete in 0.01 second. Hence if a 500-cycle, or 1000 
cycle, sound pressure wave actuates the diaphragm the charge in the con¬ 
denser mill not have time to change appreciably. But if the charge on the 
condenser remains constant and the capacity decreases by the fraction a 
the voltage across the condenser must increase by the same factor. In 


loiiows me law 



Fig. 22. —Circuit es¬ 
sentials of a conden¬ 
ser microphone. 
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other words, the voltage on the condenser being E when it is at rest, when 
the capacity suddenly decreases by an amount aC the voltage in the con¬ 
denser must corresponding increase by an amount aE. However, inspec¬ 
tion of the circuit (Fig. 22) shows that the voltage across the condenser, 
plus that across resistance R, must always be equal to E, the constant bat¬ 
tery voltage. Hence when the voltage across the condenser increases by 
an amount aE there must be developed across R an equal and opposite volt- 
age, —aE. Thus we conclude that as long as the frequency is reasonably 
high there will be developed across R a voltage equal to aEy where a is the 
fractional part by which the capacity of condenser C is changed as a result 
of the sound waves. 

More exactly, we attempt the solution of the problem by calculating 
the magnitude and form of the current from the fundamental circuit 
equation. 


We have 

II 

+ 

.... (7) 


full 


which becomes 

Ri+-^ -= A\ . . . 

C()(l+a sin o:t) 

.... (8) 


The solution of this equation is not simple and requires the investigation 
of the properties of certain infinite series. The solution yields an infinite 
number of harmonic terms, of magnitudes as follows:^ 



’ Solution by John B. Russell, of our department.—Author. 
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To get the voltage across R, which is the voltage impressed on the grid of 
the amplifying tube (after effect of grid resistance and grid leak have been 
considered), we multiply each of these terms by R. Thus Eq. (9) becomes 

iiR=:aE—j=== .(13) 

and if R is large compared to —this becomes 

VcoC’o 

iiR = aE, .(14) 

which agrees with the conclusion reached from the elementary analysis 
given in the first part of this section. The amplitude of the second har¬ 
monic becomes correspondingly a^E {l/oiCoR)y the third harmonic ampli¬ 
tude becomes a}^E (l/2coCo/i"); otc. 

The amount by which the capacity of condenser C changes when voice 
waves of ordinary intensity strike it is extremely small. Thus we know 
(see curve of calibration of condenser microphone, p. 799) that one bar 
of pressure gives about 0.003 volt across R at ordinary voice frequencies. 
But the voltage E of the battery is about 200 volts, so we find from 
Eq. (14) 

0.003 = a X200 or a = 0.000015. 

For a pressure of 1 dyne per square centimeter the value of a is thus 
about 10“^; that is, the distance between the condenser plates changes 
by about 1 part in 100,000. But, as the separation normally is only 0.001 
in., this means that the movable diaphragm of the condenser microphone 
moves back and forth about 10“^ in., that is, one hundredth millionth of 
an inch. This is less than one two-thousandth of the wave length of 
yellow light. Hence even with very large sound provssures the motion of 
the diaphragm is only a small fraction of the wave length of light. 

The Nature of Speech and Music. —The faithful reproduction of the 
voice naturally requires a knowledge of what the voice waves are and has 
thus stimulated workers to find the answer to the question. In wire- 
telephony the knowledge is not so important because the wire-telephone 
channel does not attempt to carry all the frequencies of the voice. Just 
enough of the frequency band is transmitted to enable the listener to make 
an intelligent guess as to what is being said. But in radio broadcasting 
it is economically feasible to send out practically perfect speech and for 
this an intensive study of speech has been made.^ 

'See “The Nature of LanguaKe’^ hy R. L. Jones, Journal A.I.E.E., April, 1924; 
also “Transmission and Reproduction of Speech and Music,” by Martin and Fletcher, 
Journal A.I.E.E., March, 1924. 
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The vowel sounds are in general of low frequency; these are easy to 
amplify and transmit and ordinary telephone communication consists 
very largely in the transmission of vowel sounds. The consonants, especi¬ 
ally those like p, f, th, etc., never reach the listener; his mind supplies 
these consonants in the received speech and ordinarily the listener thinks 
he heard them over the telephone wire. Over a good radio channel the 
consonants are carried with remarkable clarity. Summing up the results 
of much research work we can conclude: 

(1) The frequencies encountered in human speech are within the 
range of 100 to 9000 completes vibrations per second. 

(2) The energy contained in speech is carried almost completely 
by frequencies below 500 but the quality and intelligibility of 
spc^cch is determined very largely by the frequencies higher 
than 500. 

(3) The average power output of the average normal voice is about 
75 ergs per second or 7.5 microwatts.^ 

(4) The average' male voice exerts a pressure of about 10 dynes 
per square centimeter at a distance 3 cm. from the mouth of the 
speaker. 

(5) The human ear can detect sounds, at a frequency of about 
1000 cycles, if the sound pressure is as low as 0.001 dyne per 
square centimeter.^ If the pressure exceeds about 1000 dynes 
per square centimeter at this frequency, the ear is practically 
paralyzed in so far as sound is concerned and the sensation is 
one of feeling rather than hearing. 

(6) The ratio of peak power in the voice (accented syllable) to 
average may be 200 to 1. Thus an average voice of 10 micro¬ 
watts shows peaks of 2000 microwatts. 

(7) The range of frequencies encountered in orchestral selections 
is from 40 to 15,000 cycles per second. 

(8) The range of intensity in orchestral selections is at least 100,000 
to 1, but if the range is reduced by a monitoring system to 
1000 to 1 the reproduction of the program is reasonably sat¬ 
isfactory.^ 

In Fig. 23 is given the compilation of the results of many experimenters 

^ See “Speech, Power and Enerp:y," !)y C. F. Sacia. Boll System Technical Journal, 
Oct., 1925. 

* This pressure per square cent imeter corresponds to the weij^ht of a piece of human 
hair about one-third as lon^ as its diameter. 

An excellent summary of t he constants and fundamental ideas involved in speech 
analysis is given by Harvey Fletcher in the Bell System Technical Journal for July, 
1925. 
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on the sensitiveness of the normal human ear. The upper frequency limit 
of hearing decreases with increasing age; thus a child hears 20,000 vibra¬ 
tions per second whereas an- adult may cease to hear above 10,000 vibra¬ 
tions. This effect is entirely different from ordinary deafness because the 
adult hearing for the lower frequencies may be quite normal. 



Fig. 23.—Showing the relation between pressure and frequency, for notes just audible 
and notes so intense as to be painful to the listener. 


In Fig. 24 is shown the energy distribution througliout the frequency 
range for ordinary speech and in Fig. 25 is shown how intelligibility depends 
upon the frequencies present. It will be seen that speech is nearly perfect 
(in so far as intelligibility is concerned) if all the frequencies below 
1000 are eliminated, yet the curve of Fig. 24 shows that practically all the 

energy of the voice is below 
the 1000-cycle frequency. 

Amount of Sound Power 
Required.—By noticing 
the manner in which dif¬ 
ferent people adjust their 
radio receivers it is evident 
that some desire a much 
louder reproduction than 
others, so that a figure on 
the amount of power re¬ 
quired for satisfactory 
audition must evidently 
be a general average. For 
the average home room, 
a sound power (acoustic 



Fig. 24.—Showing the distribution of energy of 
speech. 


power) of 1 milliwatt is plenty unless the program is to be heard through 
a lot of interfering noise. This figure is an average one; a program will 
vary in intensity from perhaps 10 microwatts to several milliwatts. For 
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larger rooms, like auditoriums, more power is required, the average being 
about as shown in Fig. 26.^ 

Conditions for Best Modulation. —We will again note that the speech 
transmission is brought about simply by changing the amplitude of the 
transmitting antenna cur¬ 
rent (modulation of an¬ 
tenna current); in other 
words, if the amplitude 
of the antenna current 
should be changed but 
little by the operation of 
the telephone transmitter, 
speech would be trans¬ 
mitted but poorly, and 
vice versa. In other 
words, the range and 
quality of transmission 
does not depend upon 
the amount of current in 
the transmitting antenna, 
but upon the change in 
this current or the extent of the modulation. Hence, a radiophone system 
should be so designed as to enable the telephone transmitter, when spoken 
into, to produce the maximum possible change in the antenna current. 
This corresponds to a condition where the antenna current amplitude is 
caused to reach a minimum of zero, and a maximum which should be 

depxindent upon the characteristic of 
the rectifier in the receiving circuit. 
It is therefore reasonable to inves¬ 
tigate at this point the effect of the 
rectifier characteristic upon the best 
conditions for modulation. 

Analysis of Modulation. —Assume, 
as before, the simple transmitting 
circuit represented by Fig. 1 and the 
simple receiving circuit represented by 
Fig. 4; and let us again suppose that a 
harmonically varying sound pressure 
is impressed upon the microphone diaphragm by means of, say, a tuning fork 
placed in front of it. We then desire that the telephone receiver in the receiv¬ 
ing circuit shall give off a pure sine-wave tone of the tuning fork frequency. 

^ This curve is from a paper by Blattner and Bostwick, Journal of the Society of 
Motion Picture Engineers, Feb., 1930, p. 161. 



Fig. 26.—Sound power required for 
rooms of various sizes. 



Frequency 


Fig. 25.—Showing how the intelligibility of speech 
varies as various frequencies are eliminated. If all 
the frequencies below 1000 vibrations a second are 
eliminated, the vSpeech is still 85 per cent intelligible, 
yet most of the speech energy has been thrown 
away, as evident from Fig. 24. 
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We will first investigate the case where the amplitude of the trans¬ 
mitting antenna current is made to change by the action of the micro¬ 
phone from a maximum of twice that corresponding to the microphone idle 
to a minimum of zerOy this being what is known as a completely modu¬ 
lated current/^ Fig. 27 shows the curve of the e.m.f. produced in the 



Fig. 27.—A completely modulated antenna current, having a sine-wave envelope- 


receiving antenna circuit by the flow of the completely modulated current 
in the transmitting antenna; the e.m.f. across the rectifier in the receiving 
circuit of Fig. 4 will be of the same form as Fig. 27, though, of course, 
reduced in amplitude. 

If we assume, as we did before, a rectifier giving a rectified current 



Fig. 28.—The current of Fig. 27, in combination with such a rectifier as that lussumed in 
Fig. 6, would give a rectified current as shown by the points .1; its average value 
would be a sine-wave current. If an ordinary rectifier is used the rectified current 
is as shown by the solid line curves, the average value of whi(!h is shown by the 
dotted curve which is not a simple harmonic current but is more complex in form. 

proportional to the first power of the impressed voltage, then the har¬ 
monically modulated e.m.f. of Fig. 27 would produce a rectified current 
the amplitude of which would vary harmonically, as shown by the points 
marked A in Fig. 28, and the result would be that the average current 
in the telephone receiver would also vary harmonically and cause this 
to give off a pure harmonic note of the same pitch as that of the tuning fork. 
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But, as already pointed out in Chapter VI, practically all recti¬ 
fiers give a rectified current proportional to the square of the impressed 
voltage; hence the harmonically modulated e.m.f. of Fig. 27 would pro¬ 
duce the rectified current represented by curve B in Fig. 28, and the curve 
of the average current in the telephone receiver would be as represented 
by the dotted curve C of Fig. 28, and would, evidently, not vary harmoni¬ 
cally. So that, in this case, the receiving circuit telephone would give 
off a note, which, though of the same pitch as that impinging upon the 
transmitting microphone, would be of a more complex quality. 

To remedy the objectionable condition brought about by the combina¬ 
tion of a harmonically modulated transmitting antenna current and a 
rectifier giving a current proportional to the square of the impressed 
voltage it is necessary that the transmitting antenna current be differently 



Fig. 29.—A type uf modulated (ament in wliieh the square of the amplitude varies as a 

sine wave. 


modulated. Thus, assume that the transmitting antenna current is 
modulated in such a manner that the difference between the square of 
its amplitude when modulated tind that when not modulated varies 
with the sine of a uniformly varying angle, so that, if /o = amplitude 
of antfuma current with microphone idle, the maximum amplitude will 
be \/2 /() and the minimum zero. Then, the curve of the e.m.f. acting 
upon the receiving antenna will be as represented by Fig. 29, the recti¬ 
fied current will be as represented by curve Fig. 30, and will have 
amplitudes which will vary harmonically, and, therefore, the average 
current through the telephone receiver, represented by curve Bj Fig. 30, 
will vary harmonically. The result will be the reproduction in the tele¬ 
phone receiver of the tuning-fork note without any change in the quality 
of the sound. 

From this analysis it follows that, if the sound at the receiver is to 
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be similar in quality to that acting at the transmitter, either of the two 
following conditions must be satisfied: 

(a) If the receiver circuit rectifies proportionally to the first power of the 
voltage impressed upon it^ then the difference between the amplitude of 
the antenna current with the microphone in operation and that with 
the microphone idle should vary in direct proportion to the pressure of 
the sound waves on the microphone, or, in symbols 

I-Io = kp, .(15) 

where / = amplitude of the antenna current with the transmitter in 
operation; 

/o = amplitude of the antenna current with the transmitter idle; 
k = a constant of proportionality; 

p = the pressure of the sound waves upon the microphone. 



Fig. 30.—Such a current (as that shown in Fig. 29) in the transmitting antenna, with an 
ordinary tyj^e of detector will give in the receiving circuit a rectified current as 
shown by curves A, the average value of which is curve B, a sine-wave current. 

(6) If the receiver circuit rectifies proportionally to the square of the 
voltage impressed upon it then the difference between the square of the ampli¬ 
tude of the antenna current with the microphone in operation and that 
with the microphone idle should vary in direct proportion to the pressure 
of the sound waves on the microphone, or, in symbols: 

P^Io^ = kp, .(16) 

where /, Jo, p have the same significance as in Eq. (15) and fc = the con¬ 
stant of proportionality. 

Of course, in practice, neither of the two conditions set forth above 
is fully and entirely satisfied throughout the entire range of pressures 
impressed upon the microphone diaphragm, and the speech transmission 
is, therefore, never ideal. 
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Percentage of Modulation. —The percentage of modulation is expressed 
by means of the following equation: 

M=^X100,.(17) 

where 7o = amplitude of antenna current with microphone idle; 

Di = difference between /o and minimum antenna current amplitude; 

M = percentage of modulation. 

In the ideal case of a “ completely modulated antenna current Di=Io 
and M — 100 per cent. 

Of course, in designing a radio-phone transmitter, the aim is to make 
the percentage of modulation as large as possible without, at the same 
time, interfering with the quality of the transmission. 

In view of this the idle resistance of the telephone transmitter and 
the change in the resistance must be carefully chosen with respect to 
the resistance of the rest of the system. Thus, considering the simple 
circuit represented by Pig. 1, p. 781, it is plain that if the idle resistance 
of the telephone transmitter were much lower than that of the balance 
of the circuit, any change in the former could not appreciably affect 
the total resistance and, hence, could not effectively modulate; on the 
other hand, if the reverse were the case the antenna power radiation 
would be very small, since the largest percentage of the alternator power 
output would be absorbed by the microphone. Thus, there must be a 
best telephone transmitter resistance and this was shown by Seibt to be 
equal to that of the rest of the antenna circuit. 

In many of the systems of radio-telephony the telephone transmitter 
is not placed directly in the antenna circuit, but, in practically every 
case, it is so connected that, by speaking into it, an effect is produced 
which is equivalent to changing the resistance of the antenna circuit; 
the telephone transmitter resistance may, in these cases, be transferred 
in the form of an equivalent resistance, to the antenna circuit. Hence 
in practically every case, whether the telephone transmitter is directly 
in the antenna circuit or not, it should be observed that the optimum 
idle resistance of the telephone transmitter is such that, when trans¬ 
ferred to the antenna circuit, it should be equal to the rest of the antenna- 
circuit resistance. 

As regards the variation in the telephone transmitter resistance it 
will be noted that, considering the simple system of Fig. 1, and assuming 
the idle resistance equal to the balance of the antenna circuit, then in 
order to obtain 100 per cent modulation with a harmonic sound wave 
and with a receiver rectifying proportionally to the square of the impressed 
voltage the resistance of the telephone transmitter should change from 




810 


RADIO-TELEPHONY 


[Chap. VIII 



Carrier 


41 per cent of its idle resistance to infinity. For, when it is 41 per cent 
of the idle resistance the antenna current amplitude would be \/2 /o, 
and when it is infinity the amplitude of the antenna current would be zero. 
Of course, it will be easily realized that such extreme variation of resistance 
is almost impossible of practical accomplishment by means of the micro¬ 
phone; hence 100 per cent modulation by this scheme is impossible. 

In Fig. 31 there is 
shown a 40 per cent 
modulated wave and 
a 90 per cent modu¬ 
lated wave. It will 
b(‘ appreciated that 
in a station designed 
for even 100 per cent 
modulation, owing 
to the great varia¬ 
tion in intensity of 
either voice or music, 
and owing to the fact 
that, even at peak 
value of speech or 
music intensity, the 
modulation must not 
exceed 100 per cent, 
the average amount 
of modulation 'pro- 
duces an almost im¬ 
perceptible variation 
in amplitude of the 
carrier wave. 

Measurement of 
Modulation. —It is 
evidently important 
for a st ation operator 

Fig. 31.—This diagram gives the form of antenna current know to what ex- 
for a 40% modulation and that for 90% modulation. tent his carrier wave 



40 % 

modulation 



is being modulated; 

some performers talk loudly, close to * the microphone, and others talk 
softly farther away. The microphone responses might well be one hundred 
times as great for the first as for the second, so that one would cause much 
over-modulation or the other would be much under-modulated. 

Fig. 32 shows a scheme for measuring the amount of modulation, by 
suitable adjustments. Coil Li and condenser C make available a voltage 
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Fig. 32.—The circuit diagram of a simple scheme 
for measuring modulation. 


tdlll 


of any suitable magnitude for impressing on the grid of the triode. With 
no current in Li, and Ri set at zero, resistance R 2 is adjusted to make the 
plate current zero, as read on milliammeter A. Now unmodulated carrier 
is put through L, and of course ammeter A will read. With R 2 left fixed, 
Ri is adjusted to make A again read zero and the reading of voltmeter V 
is taken; call it Fi. Now c 

the desired modulation is g ^ 

put on the carrier and A will 
again read, because of the 
increased amplitude of the 
positive alternations im¬ 
pressed on the grid. Now 
Ri is increased until A again 
reads zero and reading of 
volt meter V is taken; call 
it ¥>• Then the percentage modulation is given by M = 100 (^2 — Fi) /Vi. 

p]vidently it is possible to calibrate ammeter A in percentage modula¬ 
tion, and for station use this is done. With no modulation Ri is adjusted 
to make A read zero and Ri is left at this setting. Now A will give increas¬ 
ing readings as the modulation is increased; its 
scale may be calibrated directly in per cent modu¬ 
lation. 

Distortion in Modulation. —When a sine wave 
is used to modulate a carrier its amplitude should 
follow a sine wave, but it frequently does not. 
The amount of departure from a sinusoidal ampli¬ 
tude variation indicates the amount of distortion 
present. 

Fig. 33 shows three kinds of distortion occurring 
in modulation, ("ase A has greater increases in r.f. 
amplitude than decreases, and case B has the oppo¬ 
site condition; both of these conditions will cause 
the receiver to pick up audio tones which were not 
in the original modulation. If, the original modu¬ 
lation frequency was 100 cycles the listener will hear 
not only the frequency but also a large component 
of 200-cycle frequency, as well as a series of others. 

Case C represents over-modulation; the signal received from such a 
station will be unusually loud, but of disagreeable quality. Many notes 
and tones will be heard by the listener which were not in the sound in the 
studio of the transmitting station. 

The Vacuiun Tube in Radio-telephony. —Fig. 34 shows an elementary 
type of circuit which has been very seldom used but which illustrates 


zzvm.-- 



Fig. 33.-- llliistrjitin^j; 
three types of distor¬ 
tion due to defective 
modulation. 
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the principle very well. It consists of the oscillating circuit illustrated 
by Fig. 164, p. 620, with the telephone transmitter connected directly 



in series with the antenna. 
Its principle of operation 
is exactly the same as that 
of the simple system illus¬ 
trated by Fig. 1 except 
that the tube oscillator 
has replaced the alternator. 
This particular tube oscil¬ 
lator circuit is known as 
the Meissner circuit. 

Fig. 35 illustrates a 
method of connecting the 


Fig. 34.—Simple circuit for telephone transmitters 
using a vacuum tube for power; this has been 
sometimes used in low-power sets. 


telephone transmitter in 
the grid circuit of the oscil¬ 
lator. In this case if the 
telephone transmitter is 


idle the amplitude of the antenna current will be constant, but if the 


transmitter is excited by sound waves a changing current will be pro- 



Fig. 35. —In this scheme of modulation (frequently used in low-power transmitters) 
the current from the transmitter circuit operates to change the average potential 
of the grid of the oscillating tube, thus effectively modulating the antenna current. 
The condenser shunting aS' must have a low reactance for the radio frequency 
and should have at least 10^ ohms for the highest voice frequency. 


duced in the circuit of (1), which will produce an e.m.f. across the 
terminals of the coil S, this e.m.f. being a function of the vibrations of the 
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telephone diaphragm. Thus the grid of the oscillator will have impressed 
upon it not only the high-frequency e.m.f. due to the interactions of the 
coils A-Bf but also the low-frequency e.m.f. due to the speech; the effect 
of this low-frequency e.m.f. is to increase or decrease the grid potential 
above or below what it would otherwise be if the transmitter were idle; 
and since the grid potential reacts upon the antenna current by means of 
the tube and the coils C-A, it is plain that the amplitude of the antenna 
current will, instead of being constant, be changed in accordance with the 
e.m.f. of Sj or of the vibrations of the telephone diaphragm. In this 
type of connection it is plain that the telephone transmitter may be of 
very low power capacity; this is such an evident advantage that practically 
all of the modern radiophone tube systems have their telephone trans¬ 
mitters connected in 
some such way to the 
grid of a tube. 

The above two 
combinations of tele¬ 
phone transmitter and 
tube oscillator are typ¬ 
ical, in so far as, while 
they have been shown 
for a certain type of 
oscillator circuit, they 
may be applied in an 
exactly similar manner to any type of tube oscillator. 

In analyzing the action of the circuit of Fig. 35 we notice that the volt¬ 
age impressed on the grid of the triode is expressible as 



Z (Load Impedance) 


Fig. 36.—Simplified circuit for a triode amplifier. 


c = Emm\ o)t+E'mi^in .(18) 

in which E„, = miix. value of high-frequency voltage; 
i/'n, = max. value of low-frequency voltage; 

60 = angular velocity of high-frequency voltage, fixed by the 
period of the oscillatory circuit (the antenna); 
oji = angular velocity of low-frequency voltage, from microphone. 

The tube can then be treated as the simple circuit ^ of Fig. 36. 

The circuit can then be treated just as an amplifier tube, in which the 
grid is eliminated from consideration, and a voltage nEg is supposed to be 
impressed in the plate circuit; for the tube of Fig. 35, however, we must 

1 See “The Equivalent Circuit of the Vacuum Tube Modulator,” by J. R. Carson 
Proc. I.R.E., June, 1921. 
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suppose the voltage impressed in the plate circuit is equal to (see Carson’s 
paper) . . ^ 

. 


in which Af = the modulation factor = 

i?p = alternating current resistance of plate circuit = 0£p/9/p; 

Z = impedance of the load circuit. 

By applying this idea to the case of a grid e.in.f. of the form given by 
Eq. (18) Carson shows that if the load circuit impedance Z is very low for 



Fig. 37.—A scheme of modulation due to Heising in which a w.'parnte tube is used to 
accomplish modulation; the scheme has been extensively used in small transmitters. 


the voice frequencies then the current in the plate circuit of the tube will 
have the frequencies w/27r, co —coi/27r and a;+a;i/27r. Such a current is 
called a modulated current and is analyzed more fully later in this chapter. 

If the load circuit furthermore is tuned, giving a resistance only (Z = R) 
then the modulated power is a maximum when R = /fp/3. 

Plate Circuit Reactance Modulation. —We will now discuss another 
type of radiophone tube connection apparently due to Heising, wherein 
two tubes, or two sets of tubes, must be used; it is called the ‘'plate 
control ” or “ constant current ” system and is arranged as illustrated 
in Fig. 37. In this system the part to the left of the dotted line repre¬ 
sents the oscillator circuit, which has been discussed on p. 659, Chapter 
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VI, with the exception of the coil D, which is merely a high inductance 
choke. When the telephone transmitter is not operative the potential 
difference across the points Q and 0 is constant, and hence the amplitude 
of the high-frequency antenna current, as well as the plate current for 
the modulator tube, is constant. However, if the telephone transmitter 
is spoken into, e.m.f.s are induced in the coil aS, which change the poten¬ 
tial of the modulator grid in accordance with the vibrations of the 
microphone; this changes the plate current of the modulator or the cur¬ 
rent between the points Q and Fmy this change taking place at speech 
frequency, or audio frequency. In virtue of this the battery B will be 
called upon to supply a current varying at audio frequency, which cur¬ 
rent must flow through the iron-core inductance D; since the impedance 
of this is very high at audio frequency, it follows that it will cause a large 
audio-frequency drop of potential over itself, and thus the potential dif¬ 
ference between the points Q and O will be varied at audio frequency and 
in accordance with the vibrations of the telephone transmitter. Again, 
since the potential difference impressed upon the plate of the oscillator 
(i.e., that across Q and O) is being varied, it finally follows that the ampli¬ 
tude of the antenna current will thereby be varied, since the amplitude 
of the antenna current increases with increase of the plate voltage. 
Thus, the vibrations of the telephone transmitter are finally reproduced 
in the antenna as variations in the amplitude of the antenna current or, 
in other words, the antenna current is thereby modulated. 

The function of the coil D may be more clearly seen if the coil were 
assumed to be short-circuited. Under these conditions, no matter how 
much the modulator plate current were caused to vary by the action of 
the transmitter, the potential difference across the points Q and O would 
remain constant, and no change would be effected in the amplitude of 
antenna current. 

The function of the choke coil A, which should be an air-core coil, 
is to prevent the plate circuit of the modulator tube from taking from the 
antenna circuit any of the high-frequency power which the oscillator tube 
is supplying to it; the proper amount of inductance for coil A depends 
upon the types of tubes used, but, in general, its reactance should be con¬ 
siderably greater than the plate-circuit resistance of the modulator tube.^ 

Analysis of Heising Scheme of Modulation.- —This scheme of modu¬ 
lation is probably better than lu^y other so far suggested, and we are 
therefore giving a more complete analysis of its operation. 

Let us first suppose that the coil D, Fig. 37, has so much reactance 

^ See “ Modulation in Radio Telephony,” by R. A. IleisiiiK, Proc. I.R.E., Aug., 1921; 
and “Radio Telephone Circuits and Modulation,” by W. A. MacDonald, Riidio Review, 
Aug., 1921. 

* See Radio Review, Feb., 1922, p. 110. 
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that no appreciable change of current through it occurs due to the action 
of the microphone. We will assume, as has been done before, that the 
microphone is actuated by a sine wave of sound, and furthermore, that the 
sine wave of sound gives a sine wave of e.m.f. across the secondary termi¬ 
nals of the transformer S. (In order that the possible variation in the 
impedance of the grid-filament circuit of the modulating tube may not pro¬ 
duce distortion of the terminal voltage of the transformer secondary, a 
high resistance R of constant value is permanently connected across the 
secondary to give the load circuit of the transformer an essentially constant 
impedance.) The potential variations of the modulator grid will cause 
its plate current to pass through sinusoidal variations, and will thus 
make the plate circuit of the modulator behave like a variable resistance 
connected across the points Q and O in multiple with the plate circuit 
of the oscillator tube. This is schematically indicated in Fig. 38 where 
Rmod represents the variable resistance of the modulator plate circuit 
and Rose represents the resistance of the oscillator plate circuit. 

Let /mod = current in plate circuit of modulator; /(«c = current in plate 
circuit of oscillator; /6 = current supplied by the plate battery. 

If we now suppose that /mod is due to the vibrations of the microphone 
diaphragm, caused to change from zero to twice its average value, then, 

since we have assumed that the coil L 
has such reactance as to keep h essen¬ 
tially constant, it follows that the cur¬ 
rent /osc must increase and decrease 
about its average value to the same 
extent as does / iriod* Of course, as the 
value of /oec is changed in response to 
the vibrations of the microphone dia¬ 
phragm, the power given to the antenna 
in the form of high-frequency cur¬ 
rent must be changed and so must the 
amplitude of the antenna current; in other words, modulation of the 
antenna current is made to take place. 

The variations of some of the quantities involved in this scheme of 
modulation are represented in Fig. 39, where the various curves are self- 
explanatory; the current /c«c for any instant is obtained by subtracting 
from the essentially constant h the value of /mod at that instant. 

Now, if we investigate the variation in- the power supplied to the oscil¬ 
lator, it will be noted, by referring to Fig. 38, that, since Rose is a constant 
resistance the current through which is changing from zero to twice its 
average value, then the power expended in Rose must vary from zero to 
four times its average value. But since the power expended in Rose is equal 
to the current multiplied by the voltage across it, it follows that not 



Fig. 38. —Simple representation of 
the Heising scheme of modulation. 
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only must the current, /obc, vary from zero 
to twice its average value, but the voltage 
across it must also do the same; that is, the 
voltage across the points Q-0, Fig. 37, 
must vary from zero to twice its average 
value. 

This result would seem to be contra¬ 
dictory to our assumption previously made 
that the current Ib is constant; for if Ih is 
constant there can be no change whatever 
in the voltage across Q and O. But, as a 
matter of fact, Ib does vary, though the 
amount of this variation may bo small 
if the inductance of the coil D (Fig. 37) is 
large; thus it might easily be that a vari¬ 
ation in Ib of only 20 per cent at the 
modulating frequency would cause the 
voltage across Q and 0 to change from nearly 
zero to double its average value. In some 
actual radiophone sets employing this circuit 
we have the following: 

Average value of 76 = 0,08 ampere. 

Inductance of coil 7) = 2 henries. 

Voltage of plate battery = 300. 

If, then, a maximum variation in Ib of 20 
per cent should tak(' place at a modulating 
frequency of 1000 cycles per second we 
would have: 

Maximum voltage drop over 

D = 2tX 1000 X 2 X 0.2 X 0.08 = 200 

Hence the voltage across Q and 0 would 
vary from 300 — 200 to 300+200 or from 
100 to 500. 

The circuit shown in Fig. 38 is not ex¬ 
actly equivalent to the actual tube circuit, 
because in this the value of /f«sc does not 
remain constant, but decreases as the volt¬ 
age impressed on the tube is increased. 
(See Fig. 61, Chapter VI.) The result of 
this is that the variation of the power given 






^ 3 
11 


Fig. 39.—Analysis of the action 
of the Heising scheme of modu¬ 
lation. 
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to the oscillator is less than from zero to four times the average; but 
in all cases, however, the power variation is greater than from zero to 
twice the average. 

If the power input to the antenna in the form of high-frequency cur¬ 
rent is a constant fraction of the power given to the oscillator plate, i.e., 
if the efficiency of the tube as a d.c.-a.c. converter is assumed constant, 
the power supplied to the antenna would vary about as shown in curve 
(h) of Fig. 39 and the amplitude of antenna current would vary as the 
square root of the amplitude of this power curve. 

Actual Arrangement of Triode Transmitters.—The simple radio-phone 
circuits using tubes, and discussed above, are only a few of the very large 



FiQ. 40.—A tj-pical 250-Watt radio-phone transmitting circuit; notice that the modulator 
tubes have twice the power rating of the oscillator tube, that is, the 250-watt triode 
feeding the high frequency power to the antenna. 


number of tube systems used in radio-telephony, but they are typical of 
such systems, and if the reader fully understands these three he will have 
no difficulty in grasping any other system. It must be remembered that 
every such system must, to begin with, have an oscillator to produce high- 
frequency currents in the antenna, and, in addition, it must have some 
means of changing the amplitude of the antenna current in accordance 
with sound waves of the voice; this may be done, as has already been 
shown, by placing the telephone transmitter directly in series with the 
antenna or in the grid circuit of the oscillator tube, or, again, in the grid 
circuit of an additional tube, known as modulator, and which amplifies 
the effects of the telephone transmitter. 

In Fig. 40 is shown a simple 250-watt telephone transmitting set for 
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ship use. A crystal oscillator is used to establish the frequency; this 
frequency is doubled and amplified by a 15-watt triodc which in turn 
serves to excite a 50-watt tube. The output of this excites the 250-watt 
triode which supplies the antenna power. Connecting the plate and tuned 
grid circuit of this tube is a small balancing condenser which serves to 
prevent spurious oscillations in this triode circuit. The modulation of this 
set is plate-circuit modulation. The plate voltage of the 250-watt triode 
is made up of two components, the steady component Eb given by the plate 
power supply, and that given by the speech amplifier. It will be noticed 
that in this circuit twice as much triode power is used for modulation as is 
used for generating the carrier frequency power. 

A 30-meter, 500-watt broadcasting transmitter is shown in Fig. 41. 
This outfit uses push-pull stages throughout the radio-frequency circuit. 



Fig. 41.—A short wave radio-phone circuit of 500-watt rating;. In this, push-pull stiiges 
are used throughout; modulation is effected at the 15-watt stage, by a 50-w’att 
triode. 


The last three stages, 15-watt, 75-watt, and 250-watt triodes, all use the 
balanced circuit (explained in Chapter X under “ Neutralization In 
this transmitter the modulation is carried out in the 15-watt stage; the 
two 15-watt r.f. amplifier tubes are plate modulated by one 50-watt triode. 
Here also it is seen that the modulator tubes arc of greater power than the 
r.f. tubes. In both of these diagrams it will be appreciated that the ter¬ 
minals marked Er and Eb do not all use the same voltage; with increasing 
power of triodc the Er and Eb voltages both increase. In Fig. 40 for the 
5-watt tube Er and Eb might be 20 and 200 volts, respectively; for the 250- 
watt tube they would probably be 500 and 2500 volts. 

Analysis of Modulated Wave. —It is important at this point to note 
that, though the alternator, or any other source that might be used at 
the transmitting station, produces, when no modulation is taking place, 
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an undamped current of constant amplitude and single frequency, except 
for any harmonics that might be present, yet, when modulation takes 
place, the current flowing through the transmitting antenna may be shown 
to be equivalent to a number of component harmonic currents of different 
amplitudes and frequencies. Thus, consider the simple case illustrated 
by Fig. 3 of p. 783, which represents a harmonic current, harmonically 
modulated. 


Let Jo = amplitude of unmodulated antenna current; 

0 ) = angular velocity of unmodulated antenna current in radians 
per second; 

a = instantaneous value of unmodulated antenna current. 


Let the equation of this current be 

a — lo sin o)/,.(20) 

when modulation takes place the amplitude of the current is varying 
between the maximum of (Jo+J'o) and the minimum of (Jo —J'o), and 
this variation takes place harmonically. 

Let coi= angular velocity in radians per second of modulating dis¬ 
turbance, or angular velocity corresponding to the cycle 
represented by ^ 1—^2 in Fig. 3; 

1 = instantaneous value of modulated antenna current. 


Then, the equation of i will be: 

^= (Jo+J'o cos coit) sin cot .(21) 

Eq. (21) is similar to Eq. (20) except that the amplitude of the current is 
now (Jo+J'o cos coi^), instead of just Jo. 

Eq. (21) may be changed as follows: 

i = lQ sin w^+J'o sin wt cos o^it 


J'o J'o 

= Jo sin sin cot cos —— sin o)t cos coi^. 


And, adding and subtracting (/V2) cos wt sin coit, we have: 

|i = Jq sin w^+— sin oit cos cos ml sin o)\i 

2 2 


or 


J'o J'o 

H-sin Oil cos oi\t —— cos co/ sin 

2 2 

J' J'o 

Jo sin sin (w+a)i)^+— sin (w —coi)L . . . (22) 
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Or, letting 

/= frequency corresponding to co; 

/i = frequency corresponding to coi, 

z = /o sin 2ir/«+^sin 2ir(/+/i)i+-^ sin 27r(/— /i)<, . . (23) 


which last equation shows that the harmonically modulated current of 
Fig. 3 is made up of three component harmonic currents of the following 
amplitudes and frequencies: 


Thus, if 
and 


Amplitude 


Component No. 1. 7o 

Component No. 2. I\)/2 

Component No. 3. I'o/^ 


/=300,000 


/i = 1000, 


then the three frequencies will be: 


300,000, 301,000, 


Frequency 


/ 

(/+/i) 

(/-/i) 


299,000, 


which means a difference between the smallest and largest frequencies 
of 2000 cycles or about two-thirds of 1 per cent of the frequency of the 
unmodulated wave (carrier wave). On the other hand if: 


and 


/ = 20,000 (X = 15,000 meters) 

fi = 1000, 


then the three frequencies would be: 


20,000, 21,000, 19,000, 


which means a difference between the smallest and largest frequencies 
of about 10 per cent of the frequency of unmodulated wave. 

Of course, a speech-modulated current is made up of currents of a very 
large number of fre(|uencies, one of which is the frequency of the carrier 
wave, /, and the others are 

(/+/l). (f+h), (f-h) .(/+/..), (/-/„), 

where/i, / 2 , /a,./„ = frequencies included in the human voice. 

The two groups of frequencies extending on either side of the carrier 
wave frequency are known as side bands. The group with a frequency 
higher than the carrier is called the upper side band and the other is called 
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the lower side band. It will be noticed that the side bands extend on 
either side of the carrier frequency a number of cycles equal to that of 
the modulating microphone. Thus a voice modulated carrier would give 
side bands extending to 6000 cycles or more on either side of the carrier. 

It is not necessary that both side bands be sent out from the broad¬ 
casting station for successful communication; one band is sufficient. 
Neither is it necessary to transmit the unmodulated component of the 
carrier current, but in this case the carrier current, in proper frequency 
and amplitude, must be supplied to the receiving set to make intelligible 
speech out of the single side band received. Single side band transmission 
is evidently less likel}^ to produce interference than when both bands are 
sent out. 

The larger the frequencies/i or f 2 or/a ... . or fn and the smaller the 
frequency /, the larger becomes the difference between the smallest and 
largest frequency expressed as a percentage of the carrier frequency. 

This analysis leads us to the following conclusions: 

Since the current in the receiving antenna is to be a reproduction of 
that in the transmitting antenna, it follows that the receiving antenna 
current must have the same frequencies as the transmitting antenna 
current. Thus, we at once conclude that the receiving antenna circuit 
must not be sharply tuned to any one frequency, to the partial or entire 
exclusion of all the others, but must be so designed as to be able to pick 
up all these various frequencies equally well. This means that, if the 
difference between the maximum and minimum frequencies, expressed 
as a percentage of the carrier frequency, is very large, the tuning of the 
receiving circuit must be broad, in order for it to respond equally well to 
a wide range of frequencies. 

Again, in order for it* to be possible to use a sharply tuned receiving 
circuit, such as may be obtained by the circuit discussed on p. 638, Chapter 
VI, the frequency of the carrier wave must be ver}" high, that is, of the 
order of 500 kc. or more, corresponding to a wave length of 600 meters 
or less. 

Furthermore, it would seem as if, for a receiving circuit having a cer¬ 
tain degree of sharpness of tuning, a high-pitched voice would be less dis¬ 
tinct than a low-pitched one; this effect is very noticeable if the proper 
adjustment of the receiver circuit is made. 

The effect noted above is well illustrated when listening to radio¬ 
telephone transmission on long wave lengths, say 20,000 meters; using 
an amplifying circuit such as shown in Fig. 182, p. 635, the tuning charac¬ 
teristics of which are given in Fig. 185, p. 639, the speech is very drummy, 
only the low vowel sounds coming through. It is quite possible to adjust 
the receiving circuit to such sharp resonance that the speech is unintelligi¬ 
ble, although very loud; decreasing the coupling of the tickler coil will 
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decrease the sharpness of resonance of the receiving circuit, making the 
resistance of the circuit higher. This will, of course, decrease the strength 
of the received signal, but at the same time will improve the quality. 

In a radio-telephone outfit, both the receiving and transmitting sets 
of which have been properly adjusted, the speech transmission is much 
better than that over the average wire line; due to the fact that all fre¬ 
quencies are attenuated alike (whereas in wire speech the high-frequency 
currents attenuate much more than the lower), the enunciation of the 
received signal is so distinct that the voice of the operator talking at the 
transmitting station may be easily recognized. 

Power of Modulated Current^ —In case we have an unmodulated 
current, as represented by Eq. (20) we see that the radiation is expressed by 


Averag(‘ power = — /c, 

Zi 


(24) 


where /i = radiation resistance of the transmitting antenna. 

To obtain the average power of the modulated current, as represented 
by Eq. (21), we must integrate this equation over the high-frequency 
period 27r/co and also over the low-frequency period 27r/coi. Thus the 
average power of th(‘ modulated current becomes 

= / a’l / f ((/o+/'o cos oj\i) sin U)- dt dt 

-— •/) •/) 



In case the antenna current is completely modulated, Io = ro and th(ui 


Average power = 


8 

2 


9 


(26) 


Now Eq. (26) compared to r]q. (24) shows that the average power of 
a compk'tely modulated wave is 50 per cent larger than that of the unmodu¬ 
lated wave. Also the effective value of a completely modulated current is 
\/8 2 times as great as that of the unmodulated current. 

Since the completely modulated current is made up of three components, 
as shown on p. 821, and since component No. 1 is the unmodulated current 

* See “Radio Telephone Modulation,” by Brown and Keener, Bull. 148, Eng. Exp. 
Station, Univ. of Illinois. See also “ Modulation in Radio Telephony,” by R. A. Heising, 
Pi oc. I.R.E., Aug., 1921, and “Relations of Carrier and Side Bands in Radio Trans¬ 
mission,” by R. V. L. Hartley, Proc. I.R.E., Feb., 1923. 
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it follows that the average power as represented by Eq. (26) is distributed 
as follows: 



Amplitude 

Frequency 

Average 

Power 

Component No. 1. . 

. Jo 

/ 

/oV2 R 

Component No. 2 . . 

. /o/2 

/+/i 

/oV8 R 

Component No. 3. . 

. /o/2 

S-h 

/oV8 R 


Hence even in the case of a completely modulated current, components 
Nos. 2 and 3, which carry the modulating frequency, represent only ^ of the 
total radiated power, while component No. 1, i.e., the carrier current, 
represents § of the total radiated power. This nutans that in a speech 
modulated current, even if the modulation is complete, I of the total 
power generated and sent out is in the carrier frequency and the balance is 

equally distributed in 
the two side bands. 
Actually the current 
is modulated, on the 
average, only a few 
per cent so it will be 
appreciated what a 
small part of the total 
radiated power really 
represents the tele¬ 
phone signal. The 
excess of power in the 
carrier channel must 
be available, how¬ 
ever, to flow over 
into the side bands as the intensity of speech or music increases over 
its average value. In other words the great exct'ss of generally useless 
power must be available to maintain the quality of the transmission 
in so far as this is determined by inflection and accentuation of the 
voice, etc. 

Elimination of Carrier Frequency. —As just mentioned, the carrier 
frequency does not carry the signal, but simply serves as a reservoir of 
energy to supply the demands of the signal for side band energy. After 
this demand is once supplied there is no evident need of taking the carrier 
any farther in the transmission scheme. Furthermore one side band, by 
itself, carries all the characteristics of the signal; no more intelligence is 
carried by the other band but simply more power. Thus if advisable we 
might eliminate one side band also. This is done in the high-powered 


Tube 2 



—r 

I 

C Output 

I 

_ 1 . 


Fig. 42.—In the special arrangement shown here the high- 
frequency carrier current is modulated in the input and 
is eliminated in the output circuit; in the output appear 
only the two side bands. 
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radio-telephone transatlantic channel and is called single side band trans¬ 
mission.^ Its advantages are: 

(а) Power saving to the extent of approximately f of that required 
by the carrier system of transmission. 

(б) Decrease of the width of the frequency band required for the 
channel to one-half that required by the ordinary double side 
band method. This makes it possible to more sharply tune 
the receiving set. 

These advantages are especially important in transoceanic trans¬ 
mission because of the large saving in power and power equipment and 
further, because at the comparatively low frequencies which are at 
present being used, it is imperative that each channel shall be as narrow 
as possible; there are not many channels available. 

As an important part in the single side band transmitter we have the 
balanced modulator - which is shown in Fig. 42. It will be noted that 
the low frequency e.m.f.s across D and F modulate the high-frequency 
e.m.f. across G. 

Let E\) cos coi^ = e.m.f. across D or F; 

E{) sin 0 ;^ = e.m.f. across G. 

In the grid circuit of tube 1 the e.m.f.s of G and F add to each other 
while in the grid circuit of tube 2 the e.m.f.s of G and D oppose each other. 
For this reason we hav(' 

EMF across C due to current in K 

= S(Eo sin oot+E'o cos o)it sin oot) .(27) 

EMF across C due to current in // 

= S{ — E() sin cx)t-\-E\) cos o)\t sin co^), .... (28) 

where S is simply a proportionality factor. 

The resultant e.m.f. across C 

— S{E\) cos w]t sin oot-\-E'o cos o)it sin o)t). . . (29) 

This equation can be changed to the form 

EMF across C = >S£''o [sin (a;+a;i)/+sin (co — coi)^]. . . (30) 

Thus the e.m.f. across the output of this balanced modulator contains 
the two side bands but no carrier current. 

^ See “Transatlantic Radio Telephony,” by Arnold and Espenschied in Journal 
A.I.E.E., Auu;., 1923, and “Production of Single Side Band for Transi\tlantic Radio 
Telephony,” by R. A. Heising, Proc. I.R.E., Vol. 13, No. 3, June, 1925. 

2 See “Carrier Current Telephony and Telegraphy,” by Colpitts and Blackwell, 
Journal A.I.E.E., Feb., 1921. 
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A suitable band filter interposed in the transmission layout, after C, 
will filter out either side band leaving the other to be amplified by means 
of a proper power amplifier to be finally conveyed to the transmitting 
antenna. 

The antenna current (at both the transmitting and receiving ends) 
has a frequency of w+cji/27r or co —coi/2ir as the case may be. Let us 
assume that the frequency cj+a;i/27r is the one selected for transmission. 
In order that the low-frequency signal may be made audible at the receiving 
end a heterodyne receiver must be used, having in its grid circuit not only 
the incoming single side band signal of frequency a?+coi/27r but another 
frequency of a;/27r, which latter is obtained from a local oscillator. The 
telephone in the plate circuit of the detector will then respond to the dif¬ 



ference of the two, that is, 

(co + a>i / 27r) — (co / 27r) = 
wi/27r which, of course, is 
the signal frequency. 

I'he scheme indicated 
in Fig. 42 evidently uses 
grid modulation, that is. 


the carrier frequency and 


modulation frequency first 




Sideband output 
2P, 2Q,(P ± Q) 


P, Q, 3P. 3Q 
(2P ± Q) 
(P ± 2Q) 


act together in the input 
circuit of the triode. Pe¬ 
terson and Keith ^ have 
investigated the possibili¬ 
ties of this type of modu¬ 
lation and they concluded 


Fig. 43.—Two modulation schemes, and the frequen- that it is a much more 
cies they malre available. effective scheme of modu¬ 


lation than is the plate 
scheme. It is a fact, however, that plate-circuit modulation is in nearly 
universal use at pre.sent. In Fig. 43 are shown two diagrams taken from 
their paper, giving the frequencies which arc obtainable from the two 
branches of the output circuit of a push-pull amplifier. 

Single Side Band Transmission. —It is evident that by the use of a push- 
pull amphfier properly connected, the carrier can be taken out of the out¬ 
put, leaving only the side bands plus any distortion frequencies that 
occur; band pass filters permit the selection of one side band from the 
other. Thus a 58.5-kc. telephone channel sends a side band including 
only the frequencies from 58.9 kc. to 61.1 kc. 

This selection of one side band is carried out at a comparatively low 
power level in the train of power-amplifying tubes, so that the higher 

»^B.S.T.J., Jan., 1928. 
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power tubes carry one side band only. This permits the handling with 
given tubes, of 5 to 10 times the amount of useful power as if the ordinary 
method (side bands plus carrier) were used. 

This scheme of side-band separation is applicable only on long-wave 
channels; the three short-wave present transatlantic channels therefore 
send carrier and both side bands. 

At the receiving station the carrier frequency must be put back in the 
right magnitude and frequency. Its magnitude should be the same as the 
carrier would liave had if it had been transmitted with the side band 
across the Atlantic. 

Its frequency must be within about 20 cycles of the original carrier 
or disagreeable s[)eech will result for reasons now to be analyzed. Suppose 
a 58.5 carrier and a 400-cycle note for modulation. The resultant 
frequency in the upper side band is 58.9 kc. Now suppose the 
400-cycle note had second and third harmonics, of 800 and 1200 cycles. 
These would give sid('-band frequencies of 59.3 and 59.7 kc. (of course 
there would be others in the lower side band, which we are neglecting). 

When the signal is detected (or de¬ 
modulated ^ as the expression goes) the au¬ 
dio frequencies which appear are equal to 
the side-band frecpiencies minus the carrier 
frequency. Now suppose the carrier intro¬ 
duced into the receiver is 58.6 kc. (instead 
of 58.5, which it should be). The audio 
frequencies which come from the detector 
are 58.9-58.6 = 300, 59.3-58.6 = 700, and 
59.7-58.6 = 1100. Hut these notes, 300, 700, and 1100, have no har¬ 
monic relation, so the note will not only have the wrong pitch (300 instead 
of 400) but its (piality will be peculiar because of the presence of the non¬ 
harmonic frequencies. 

An interesting phenomenon occurs if the introduced carrier is put in 
with a frequency higher than the side band. After detection such a com¬ 
bination yields speech or music in which what were originally high notes are 
now low notes, and vice versa. This is called inverted speech. 

To make the single side band radio channel successful the frequency of 
the transmitter, and of the oscillator used at the receiving end of the 
channel to supply the carrier, must be constant to within 0.015 per cent. 

Experimental Analysis of Modulation. —The actual circuit arrangement 
by which modulation can be carried out has not yet been analyzed; the 
schemes of Fig. 1, p. 781, and Fig. 37, p. 814, actually do work, but 
nothing has been said about the circuit conditions required for modulation. 
To bring out the requisite conditions we first analyze the diagram of Fig. 44. 
Suppose ^he triode. with its carrier frequency impressed across 722, is 



Fig. 44.—A laboratory circuit for 
studying modulation. 
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Modulation frequency 



Fig. 45.—Modulation frequency and car¬ 
rier frequency are both present, but the 
carrier frequency is not modulated. 


operating as a class A amplifier (see p. 983), and the circuit L-C (so called 
tank circuit) is tuned for the carrier frequency. Now we try to modulate 
the output by putting modulating voltage across thus impressing on 
the grid both carrier and modulation voltage. As long as the grid of the 
triode is forcing the plate current to vary only over the straight part of 
the Eg-Ip curve (the condition required for a class A amplifier), the carrier 

frequency current in the tank circuit 
will not he inodulated at all. The 
current in the plate circuit, in the 
triode, will have the form shown by 
curve A of Fig. 45; the carrier fre¬ 
quency current is merely superim¬ 
posed on the modulation frequency 
current. The current through con¬ 
denser Cl which would of course 
carry the modulated frequency cur¬ 
rent if there were any such, carries 
only the current shown in B of 
Fig. 45, merely the unmodulated 
carrier current. A class A amplifier cannot be modulated by putting the 
modulation voltage in either grid or plate circuit. 

Now if the grid of the triode of Fig. 44 is biased sufficiently, the plate 
current will fall to practically zero when the grid is'unexcited. The current 
which flows between plate and filament whcai the carrier voltage is im¬ 
pressed on the grid is as shown in curve A of Fig. 46, and when the grid 
is excited by the modulation voltage in addition the current from filament 
to plate has the appearance of curve B 
of Fig. 46. This gives a r.f. current of 
varying amplitude entirely different 
from the result shown in A of Fig. 

45. The current through the L-C 
circuit (which is tuned for the carrier) 
will now have the form shown in curve 
A of Fig. 47, in the inductance, and in 
the condenser, current of the form 
shown in curve B. 

Now if another circuit, also tuned to 


■Jik 


B 


Fig. 46.—If the radio frequency tri¬ 
ode is Huflicientl}' biased before the 
modulation volt,age is impressed, 
then the plate current will be of the 
form shown in curve B. 


the carrier, is supplied with power by magnetic coupling with the L-C 
circuit, the current in it will resemble that of curve /i. Fig. 47, so far as 
amplitude variation is concerned, but the individual cycles of the current 
will approach more closely sine form. The individual cycles in condenser 
C (curve B of Fig. 47) are by no means sine waves, their negative loops not 
being of the same form as the positive loops. 
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In case the bias of the grid of Fig. 44 is increased still more, to make a 
class C amplifier, the current between plate and filament will have the form 
shown in A of Fig. 48, and evidently the current obtained in the condenser 



Fig. 47. —The pulsating, varia))le amplitude cur- Fig. 48.—In case the grid bias (Fig. 44^ 
rent (B of Fig. 46) will produce in a tank cir- is increased too much, the amplitude o 

cuit coupled to the plate circuit, a modulated the modulation voltage remaining fixed 

current, as shown in B. over modulation will result. 


_Tahk current i 
_ Plate current/ 


circuit {B of Fig. 48) does not have an envelope which resembles the sine 
wave of modulating voltage put on the grid of the tube. The wave is 
over-modulated] in general, this is true of class C amplifiers, and they 
should not be used for modulated waves as they always distort the modu¬ 
lation, if this is anywhere -^^^_ 

1 , Type 210 triode —Tank current i /^ 

near lUU per cent. Ep = 300| volts _j._PIate current/ \/ 

A type 210 triode was Grid bias 21 /^ ~/\ 

arranged as in Fig. 44 and S -- 

some of its performance is | | / y ^ 

brought out by the follow- ^/ y / xy 

ing curve sheets. Fig. 49 ^2- y - yLyy /—- 

shows how the current in | | _ j // ^A 

the tank circuit (the L C y y^ 

circuit) varies in amplitude ^ ^ ^- - A^ A - — 

as the amount of grid exci- ^ 

tat ion, of carrier frequency, // 

was varied; different bias L A y A - 

was used for the various ^ ' _ 

curves as noted in the di- 70 so 90 

Excitation volts 

agnun. — Tank circuit current of Fig. 44, as differ- 

( lass A amplifier gives 

carrier excitation were used, there 

a higher output, for a given being no modulation voltage impressed, 
excitation, because the exci¬ 
tation voltage produced current in the tank circuit for both positive and 
negative alternations of the carrier, whereas the B and C amplifier 
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Fig. 49.—Tank circuit current of Fig. 44, as differ¬ 
ent buxs and carrier excitation were used, there 
being no modulation voltage impressed. 


adjustments are such that the triode carries current only during the posi¬ 
tive alternations of grid potential. 
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The tank circuit, in this test, had a resistance of about 22 ohms, the 



Fig. 50.—Variation of tank current (Fig. 44) 
as plate circuit voltage was varied; these 
curves show the feasibility of plate circuit 
modulation. 

current shows that the resistance of 
ohms, and if a plate mod¬ 
ulation scheme is used 
the transformer employed 
in the plate circuit to 
introduce the modulation 
voltage will be connected 
to a circuit of 15,000 ohms 
resistance. Thus if 100 
per cent modulation is re¬ 
quired, with a plate volt¬ 
age (average) of 300 the 
modulation voltage will 
have to be 300/\/2 = 212 
volts (effective); and 212 
volts working into a resis¬ 
tance of 15,000 ohms will 
have to supply a power of 
2122 / 15,000 = 3 watts. 

The unmodulated power 
in the tank circuit (0.4 
ampere in 22 ohms) is 3.6 


carrier frequency was 15 kc., and 
the coil had about 4 millihenries 
inductance. For a tank current 
of 0.3 ampere the power in the 
circuit is 0.32X22=1.98 watts. 
The input to the plate circuit for 
curve A is 5.4 watts, 4.2 watts 
for curve 7i, and 3.6 watts for 
curve D. Curve A then shows a 
plate-circuit efficiency of 36.5 per 
cent (class A amplifier); curve B 
(class B ampliffer) shows an effi¬ 
ciency of 47 per cent, and curves C 
and D (class C amplifiers) show 51 
and 55 per cent respectively. 

In Fig. 50 are the relations be¬ 
tween tank current and plate volt¬ 
age for a class B amplifier (grid bias 
= —37) and a class C\‘implifier (grid 
bias = —53). The curve of plate 
this circuit, AEpj^Ip is about 15,000 



Fig. 51. —Variation of tank current (Fig. 44) as grid 
bias was altered, with fixed amount of R.F. grid 
excitation; the nearly linear proportionality shows 
the feasibility of grid modulation. 

watts (curve J5), and 4 watts for curve C 
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(Fig. 50). Thus it requires almost as much power to modulate the tank 
circuit power as there is power in this circuit. 

Holding the plate volts at 300 and excitation voltage at 87.2 the current 
in the tank circuit varied with grid bias as shown in Fig. 51. This curve 
shows that if grid modulation is used the variation in amplitude of tank 
circuit will follow linearly the modulating voltage put on the grid. This 
shows the feasibility of using grid circuit modulation with this tube, just as 
the curves of Fig. 50 show the feasibility of using plate circuit modulation. 

In Fig. 52 is shown a wave meter response to the tank circuit, this 
having unmodulated carrier current in it. With the circuit arranged 
as in Fig. 44, 33 volts of modulation voltage was introduced into the grid 
circuit. From Fig. 51 it can be seen that with —85 volts bias it requires 




J450 1500 1550 1600 1650 1700 1760 

Condenser setting 


Fig. 52.—Responseof a wave meter coupled 
to (he tank circuit of Fij^. 44; no modu¬ 
lation voltage was impressed. 


Fig. 53.—Same as Fig. 52, with 100% 
modulation; the two side frequencies 
are just 300 cycles away from the car¬ 
rier frequency, as theory predicts they 
should be. 


an added grid voltage of about 47 volts to bring the tank circuit current to 
zero. Hence if a modulation voltage of 47/\/2 = 33 volts is used the circuit 
should have 100 per cent modulation. This was done, the modulation 
frequency being 300 cycles, and the wave meter response was as shown 
in Fig. 53. The two side bands should be at 15,300 cycles and 14,700 
cycles, one 2 per cent higher and one 2 per cent lower than the carrier fre¬ 
quency. This means that the condenser setting of the wave meter for the 
side bands should be 4 per cent higher and lower than the value giving 
resonance for the carrier. It can be seen from Fig. 53 that these are the 
two settings where side band resonance occurred. 

From the analysis on p. 821 it is seen that the two side bands should each 
have an amplitude one half that of the carrier; this is nearly so in Fig. 53 
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would have large currents set up in it, but the variations in amplitude 
of these currents would not follow the variations in the impressed 
e.m.f. amplitude, whereas the high-decrement circuit would have much 
smaller currents (same L and C supposed as for low-decrement circuit) 
but the variations in amplitude would more accurately follow those of 
the impressed modulated e.m.f. Since the voice sounds are conveyed by 
the variations in the amplitude of the current and not by the magnitude 
of the current itself it is evident that the high-resistance circuit would 
be the one to use for successful radio-telephony. 

Applying this general idea to an actual case of speech transmission, 
we come to the conclusion that the decrements of the transmitting antenna, 
the receiving antenna, and closed-tuned circuit at the receiver must all 
be higher than the highest decrement occurring in the modulated e.m.f. 

(a) Thus in Fig. 56 the e.m.f. (which 

^ 0 \ A - _ |\ A ^ _ is supposed accurately to repre- 

“ ^ j sent the voice sounds) has its 

I mo.st rapid change' in amplitude 

{h) j from A io B] in ten cycles its 

j decrement of 0.24. The decre- 

I merit of none of the three circuits 

' 

£ 0 ^ A _ A A _ taking pari in the transmission 

d ^ ^ ^ \j ^ reception should be as low 

as this value, if clear well-enun- 

Fig. 58.—a serie.s of damped waves of e.m.f. dated speech is expected at the 

acting on a low-resi.stance receiving circuit receiving end. 

produce a current ;is ii^icated in (5), evi- Fqj. short-wave work this 

dently not of the same form jus the e.m.f. ■ i • ^ * r i • 

„ I idea IS not of so much impor- 

a high-resistance circuit will have currents . - i i 

as shown in (c) which current closely tance, because the permissible 

resembles the e.m.f. causing it. value of the decrement, from 

this standpoint, is lower than 
that generally attained in the construction of sets. Thus, if th(‘ time be¬ 
tween A and Bj Fig. 56, is taken as 0-.0001 second and the wave length used 
is 300 meters, the number of cycles from A to B would be 100; a decrease in 
amplitude to one-tenth of its initial value in 100 cycles corresponds to a 
decrement of 0.023, which would be practically never obtained in either 
of the antenna circuits and could only be obtained in the secondary tuned 
circuit of the receiving set by having a tickler coupling to the plate 
circuit. 


Fig. 58.—A series of damped waves of e.m.f. 
acting on a low-resistance receiving circuit 
produce a current Jis indicated in (5), evi¬ 
dently not of the same form jus the e.m.f. 
a high-resistance circuit will have currents 
as shown in (c) which current closely 
resembles the e.m.f. causing it. 


The same idea can be expressed by saying that the resonance curves 
of all the circuits receiving a radio-telephone signal should be wide enough 
to receive equally well all the useful frequencies. Really the proper kind 
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of a resonance curve is one with a flat top, about 20 kc. wide, with very 
steep sides. Thus both side bands of a transmission will be faithfully 
reproduced (action of the flat top), and interference from stations in neigh¬ 
boring channels will be eliminated (action of the steep sides). 

Multiplex Radio-telephony.—It is possible to carry on, by means of 



Fia. 59.—Conventional diagram of circuit for sending out a doubly modulated telephone 

wave. 

a scheme of “ double modulation,’^ several radiophone conversations 
in the same area and using exactly the same high-frequency carrier wave 
for all stations; the extra complications of the scheme are worth while 
only in regions of congested communication. 

The general idea of the scheme is conventionally indicated in Fig. 59, 
wherein A is a modulator and is a long wave-oscillator; C is a modu- 



Fig. go.—A rrangement of four tubes for carrying out the double modulation indicated 

in Fig. 33. 

lator and D is a short wave-oscillator; the connections of a tube-transmit¬ 
ting set utilizing this idea are shown in Fig. 60. From these two diagrams 
it is evident that the antenna sends out a “ doubly modulated ” high- 
frequency wave, that is, the amplitude of the high-frequency wave fol¬ 
lows a curve which is a voice-modulated long-wave radio-frequency. 
Thus generator B, Fig. 59, might generate oscillations of 25,000, and the 
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amplitude of this 25,000-cycle current is voice-modulated by the action of 
A, This variable amplitude, 25,000-cycle wave, controls, through the 
action of modulator C, the amplitude of the high-frequency current gene¬ 
rated by D, and sent out from the antenna. 

Fig. 60 shows how the Heising modulation scheme may be made to 
function for multiplex transmission, and Fig. 61 shows the general recep¬ 
tion scheme for multiplex telephony. The antenna circuit and the closed 
circuit, Z/i-Ci, are tuned to the high frequency generated by the oscillator 
exciting the transmitting antenna. The action of the grid condenser and 
leak is to produce in the plate circuit a pulsating current, the form of which 
is the same as the envelope of the high-frequency wave received by L\-Ci. 
This envelope is itself of inaudible frequency, it being perhaps a voice- 
frequency modulated, 25,000-cycle current. This 25,000-cycle current 



Fig. 61.—Arrangement of the receiving circuit for tuning in on a doubly modulated 

telephone wave. 


acts on the tuned circuit L 2 -C 2 coupled to the plate circuit of the first 
tube. The grid condenser and leak of this second detecting tube act to 
produce in the plate circuit of this tube (in which the telephones are con¬ 
nected) a pulsating current of the form of the envelope of the 25,000-cycle 
current. This envelope is, however, of voice frequency, and therefore 
makes audible the speech carried by the doubly modulated high-frequency 
wave. 

Several stations in the same area might transmit on a carrier frequency 
of 3,000,000 cycles; one of the stations would send out this wave, modu¬ 
lated by a voice-modulated 25,000-cycle wave, another would use a voice- 
modulated 35,000-cycle wave, another a voice-modulated 45,000-cycle 
wave, etc. The selecting of the proper message at the receiving station 
is done by the tuning of the L 2 -C 2 circuit (Fig. 61); as this is tuned to 


9—' 


SIMULTANEOUS TRANSMISSION AND RECEPTION 


837 


the various long-wave frequencies being used, the conversations from the 
several transmitting stations become audible. All receiving stations tune 
their respective antennas and Li-Ci circuits to the same high-frequency 
carrier current. 

By using several high-frequency carrier waves, far enough apart in 
frequency so that no interference is encountered, and using several long 
wave-modulations of each of these, it might be possible to carry on, in the 
same area, without serious interference, perhaps fifty different conver¬ 
sations. 

Another scheme for carrying on multiplex telephony uses an antenna 
tuned to several different frequencies and coupled to this antenna the same 
number of ordinary singly-modulated transmitting sets; it seems that 
this scheme may be made to work satisfactorily.^ 

Range of a Radio-telephone Transmitter. —In Chapter IV there is 
given a considerable amount of data on the signal distribution from a 
broadcast transmitter; with a good receiving set it is of course possible 
at night to hear a 5-kw. station, on the broadcast frequencies, 1000 miles 
or more, but the normal daylight range is much more limited, as indi¬ 
cated by the diagrams on pp. 377 and 378. The comparatively short 
range of a telephone transmitter, contrasted to that of a telegraph trans¬ 
mitter of the same power, is due to the fact that it is only the variations in 
carrier amplitude that transmit the speech, and these variations are on the 
average only a few per cent or less of the amplitude of the carrier. 

The carrier wave of the telephone transmitter has a nuisance range 
of 5 to 10 times the useful range of the station. This carrier, if it is within 
a few kilocycles of the frequency of another transmitter, will produce in 
the receivers tuned to this distant station a whistling note which will 
completely spoil the program of the local station. A station which 
delivers a satisfactory signal only for listeners not more than 100 miles 
away from itself may spoil reception for listeners of another station 1000 
or more miles away. 

Simultaneous Radiophone Transmission and Reception. —Originally 
only one antenna was used to accomplish this two-way conversation; the 
operator had to switch the antenna from transmitting to receiving appa¬ 
ratus as the occasion demanded. This caused trouble because both 
operators might be sending or listening at the same time, thus making 
communication impossible. In order to overcome this difficulty encoun¬ 
tered in the single antenna radiophone set two antennas are used at each 
station, one for transmitting only and the other for receiving] each operator 
can then talk and listen at the same time, as is done in ordinary wire- 

^ See Proc. I.R.E., Vol. VIII, No. 6, for report on the feasibility of such a scheme; 
article by Ryan, Tolmie, and Bach, entitled “Multiplex Radio Telegraphy and 
Telephony.^' 
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telephony. Attempts have been made to use a single antenna for simul¬ 
taneous transmission and reception, but the results are not reported to 
have been very satisfactory. One possible scheme uses in the transmitting 
circuit two antennas of identical characteristics, one a real antenna and 
one a dummy; adjustments are so carried out that half the power from 
the transmitter goes through each antenna. The receiving coil of the 
receiving circuit is coupled to both antennas equally, so that when 
transmitting practically no voltage is induced in the receiving circuit. 
When the distant station is transmitting only the real antenna is excited 
€0 that the signal is received all right.^ 

An arrangement wherein two antennas are used is conventionally 


Transmitting 

Antenna 




Transmuting 

Apparatus 


Receiving 

Antenna 



Fig. 62.—Scheme for simultaneous transmission and reception usin^ two antennas, 
spaced a considerable distance from one another and tuned to different wave lengths. 


shown in Fig. 62. The two antennas are put up at some distance from 
each other and the wave lengths of the two transmitters are made very 
different from each other. The reader will at once note that in such a 
scheme the receiving antenna has impressed upon it not only the feeble 
e.m.f.s due to the distant transmitting antenna, but also the far greater 
e.m.f.s due to the local transmitting antenna; the latter e.m.f.s are not 
wanted, in so far as they swamp'' the smaller e.m.f.s due to the distant 
transmitting antenna and make reception therefrom impossible or, at least, 
very difficult. In the next section will be discussed methods of avoiding 
this trouble. 

* A brief description of such a set is given in the Radio Review, Vol. I, No. 16 , 
by M. B. Sleeper. 




TRANSATLANTIC RADIO-TELEPHONY 


839 


Transatlantic Radio-telephony. —It is now possible to telephone to 
Europe from anywhere in the United States, at practically any time, day 
or night, throughout the year. There are now four radio-telephone 



these is a long-wave channel (about 5000 meters) and the others are short¬ 
wave (15-50 meters). The long-wave channels will first be described. 

In Fig. 63 is shown a bird^s-eye view of this channel as it was inau- 
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gurated five years ago; since then the receiving station has been moved 
north from England into Scotland, where the ratio of signal to noise was 
found to be 5 times as great as it was near London. The short-wave 
channel indicated in this cut was an experimental one at the time the long¬ 
wave channel was opened; it was the forerunner of the several now in 
operation. 

The long-wave channel uses the same frequency (58.5 kc.) for both 
going and return channels; evidently it must be a considerable problem 
to make such a system function because of the interference at the receiver 
in Houlton from the transmitter in Rocky Point, and the same condition 
in England. The power level of this channel from San Francisco to 
London is shown in Fig. 64; a similar figure would illustrate the return 
path. It is evident that the receiver at Houlton must be sensitive enough 
to respond to the comparatively few micro-microwatts that arrive from 



Fig. 64. —Power levels in the San Francisco-London 
telephone channel; at the left is given the power 
ratio in decibels and at the right is given the 
power ratio itself. * 


England; it will there¬ 
fore give a tremendous 
response to the signal 
from Rocky Point, which 
will })e thousands of times 
as great as that from 
England. It is shown in 
Fig. 64 that in traveling 
across the Atlantic the 
signal changes its strength 
by the factor 10'■^, or 140 
decibels. Starting out at 
150 kw. at Rocky Point 
it is only 1.5X10^'' watt 
at the receiving antenna. 


In Fig. 65 are shown the tubes of the amplifier, supplying the 150 kw. to 


the antenna. 


The receiving antenna is made directive for the direction of the desired 
signal, but even so the interference from the local transmitter would make 
the channel almost inoperative. An ingenious scheme to overcome this 
difficulty is shown in Fig. 66; this is the scheme actually used in this 
channel.' It operates in the following manner. Relay A is normally 
open so that received signals pass through to the subscriber. Relay C to 
normally closed to short-circuit the transmitting line. When the United 
States subscriber speaks, voice currents go into both the transmitting 
detector and the transmitting delay circuit. The transmitting detector 
is a device which amplifies and rectifies the voice currents so as to produce 
currents suitable for operating relays A and C which thereupon short- 
* Bown, B.S.T.J., April, 1930, p. 268. 
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circuit the receiving line and clear the short circuit from the transmitting 
line respectively. The delay circuit is an artificial line through which the 
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Fig. 65.—A bank of water cooled triodes for transatlantic telephony. 



Fio. 66.—Conventional diaRram of the two-way circuits of the transatlantic radio 

telephone channel. 


voice currents require a few hundredths of a second to pass, so when they 
emerge the path ahead of them has been cleared by relay C. When the 
subscriber has ceased speaking the relays drop back to normal. 
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The function of the receiving delay circuit, the receiving detector, and 
relay B is to protect the transmitting detector and relays against operation 
by echoes of received speech currents. Such echoes arise at irregularities 
in the two-wire portion of the connection and are reflected back to the 
input of the transmitting detector where they are blocked by the relay B 



Automatic Two stage 

gain control I.F. amplifier 

SHORT WAVE RECEIVER 


Fiq. 67.—Diagram of the receiving net work of a short wave radio telephone channel. 


which has closed and which hangs on for a brief interval to allow for 
echoes which may be considerably delayed. 

The receiving antennas at Houlton, Maine, and Cupar, Scotland, are 
long wires stretched in the direction of the transmitting station for about 
three miles, perhaps 25 feet above the ground. They are of the ^Vave 
antenna’^ type and are described more in detail on pp. 904,960. In a paper 
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SHORT WAVE TRANSMITTER 


Fio. 68.—Diagram of the transmitting network of a short-wave radio-telephono channel. 

dealing with this channel ^ it is stated that moving the receiving station 
from the vicinity of New York to Houlton increased the ratio of signal 
to noise by a factor of 50. Then the u.sc of the directive antenna gives an 
added ratio of signal to noise of 400. If the receiving were to be done 
on an ordinary antenna in the vicinity of New York the power of the 

^ Bailey, Dean, and Winteringhara, I.R.E., Dec., 1928, p. 1645. 
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transmitter in England would have to be increased by 20,000 times to get 
the same signal to noise ratio as is obtained at present. 

Short-wave Transatlantic Channels. —For transatlantic channels 14-17 
meters is good during the daytime; for either sunrise or sunset between 
transmitter and receiver 22 meters is best; during night over the path 
33 meters is good, and for midnight in winter 50 meters may be best. 
Because of these conditions each short-wave transmitter is arranged to 
transmit on a wave length in each of three regions. 

The general idea of the receiving apparatus is shown in Fig. 67, and 
that of the transmitting apparatus in Fig. 68. The receivers are located in 
Netcong, N. J., and the transmitters at Lawrenceville, N, J., as shown in 
Fig. 69. The transmitting 
antennas are in the form of 
curtains hung between steel 
towers, about 150 feet high 
and 250 feet apart. Each 
transmitting antenna occupies 
two of these spaces, so is in 
the form of a curtain 150 feet 
high and 500 feet long. A 
bird’s-eye view of the tranvS- 
mitting antennas is shown in 
Fig. 70 and in Fig. 71 is given 
a plan of the antenna system. 

Each transmitting house is 
fitted with two transmitters, 
and each transmitter uses 
three sets of 2 bays each. 

Each two bays is filled with one 
antenna designed to transmit 
at the wave lengths noted on 
the diagram of Fig. 71. Each bay is filled with several sections of antenna 
made up as shown in Fig. 72; each section is higher than that shown in the 
figure by several more of the half wave length loops. Miniature trans¬ 
mission lines go to each antenna section from a common feeding point and 
are so adjusted in length that all vertical members have currents in the 
same phase. Thus an antenna consists of dozens of vertical conductors, 
all rigidly suspended in a vortical plane and all having currents of the same 
phase. This makes a sharply directive emitter. 

Th« receiving antennas are also of a sharply directive type but of dif¬ 
ferent construction. The general form is shown in Fig. 73; the horizontal 
and vertical members are of copper pipe, rigidly supported in a wooden 
framework of poles and cross-braces. Each antenna is six wave lengths 



Fig. 69. —Short-wave receiving and transmitting 
stations of the A. T. and T. Co. 
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I^iQ. 70.—BirdWye view of the transmitting station at Lawrenceville, N. J. Curtains of directive short-wave antennas (with reflectors) 
are hung between the steel towers. (Photo by Fairchild Aerial Surveys, Inc.). 
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long, built up of six times as many sections as shown in Fig. 73. They are 
built in a direction perpendicular to that from which they are to receive. 

The arrangement of the various an¬ 
tennas is shown in plan in Fig. 74; 
each group consists of three or four 




4 






TRANSMITTING ANTENNA 


Fig. 71.—Plan of the short-wave trans- Fig. 72.—Type of antenna used for trans¬ 
mitting antennas; each antenna occu- mitting. Several of these are rigidly 
pies two bays of the steel tower layout. suspended in each bay. 


antennas of such wave lengths that 24-hoiir communication is possible. 
F>om each group of antennas a transmission line of two concentric copper 
pipes (a A-in. pipe inside a g-in. pipe), these being spaced by washers of 
isolantite to keep the 
inside one central with 
respect to the other. 

The attenuation of the 
signal as it travels over 
these special trans¬ 
mission lines is surpris¬ 
ingly low, being only 
2 db per thousand 
feet at 20 megacycles. 

The various antennas are installed at reasonable distances from one 
another to prevent interaction between the used and unused antennas; 
all automobiles are kept a long way from the receiving antennas to 
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Fig. 73.—Type of antenna used for receiving short waves. 
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prevent high-frequency waves of the ignition systems from interfering 
with the desired signal. 

The circuit of each transmitter is crystal controlled; by proper fre¬ 
quency doublers and amplifying stages, the final ones using water-cooled 
tubes, the power supplied to the antenna by unmodulated carrier is 15 kw. 
At peak modulation (100 per cent) the antenna power is 60 kw.^ The 
action of the directive transmitting antenna increases the signal, in the 
desired direction, over that w'hich would be given by a simple vertical 
antenna, by 50 times; that is, the signal received in England is as great 
as though a simple vertical antenna was supplied with 750 kw. 

Radiophone Broad¬ 
casting. — There are 
today in the United 
States over 600 broad¬ 
casting stations, rang¬ 
ing in power from a few 
watts to 50 kw.; for 
experimental purposes 
some of the larger 
stations occasionally 
raise their power to a 
few hundred kilowatts. 
In general, they all require the same essential prices of apparatus,- which 
may be classified as below: 

(a) The studio, microphone and speech amplifier; 

(b) The radio-frequency system including oscillators and modulators; 

(c) The power equipment; 

(d) The control 'equipment. 

The microphone transmitter has already been described; the double¬ 
button carbon type is generally employed. The amplifier for the speech 
currents is of the audio-frequency type (see chapter on amplifiers) and con¬ 
sists of three stages of amplification for a carbon transmitter and five stages 
for a condenser transmitter. This part of the t ransmitting equipment offers 
no features different from tho.se mentioned in the section on microphones 
and the chapter on amplifiers except the ‘Volume control.” To show 
this, a more or less typical circuit arrangement is shown in Fig. 75. This 

* See “Overseas Radio Extensions,Espensehied and Wilson, I.R.E., Feb., 1931, 
p. 282 for a good picture of one of these short wave transmitters. 

2 See “Transmitting Equipment for Radio Telephone Broadcasting,” by E. L. Nelson, 
Proc. I.R.E., Vol. XII, No. 5, Oct., 1924; and “The Radio Telephone Broadcasting 
Station of the Westinghouse Elec, and Mfg. Co. at East Pittsburgh, Pa.,” by D. G. 
Little, Vol. XII, No. 3, June, 1924. 


Central Building 



Fig. 74.—Plan of the various receiving antennas used at 
Netcong, N. J. 
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shows the double-button microphone energized by means of the poten¬ 
tiometer D, connected in series with the steadying inductance F and the 
key K to the battery A . 

The voltage across the secondary of the transformer G, due to the 
speech currents, is impressed upon the grid of Ti through the potentiometer 
QS. Repeating from one tube into another is done by means of the 
iron core inductances Li, L 2 , and L 3 . The final repeating into the radio 
transmitter is done through transformer //. 

It will be understood that an amplifier of this sort is very carefully 
designed and built because it is most important that the output at QiSi 
should accurately represent the voice waves impinging on the microphone. 


B 



i: To Radio 
Transmitter 


Fig. 75.—The sporch amplifier circuit of a broadcast station; the two potentiometer 
controls T, and P.. ciialih' the operator to control the amount of amplification. 
The repeating inductances, L\, L 2 , and Li, have iron cores. 


The frequency characteristics of the amplifier must be flat throughout 
the range used in voice or music. 

The variable contacts V\ and V 2 control the amplitude of the voltages 
impressed on the grids of the first two tubes and so the amplitude of the 
voltage appearing across Q]S\ may be readily kept in control. This is 
an extremely important feature in broadcasting as it is in general neces¬ 
sary for the operator to decrease the range of intensity impressed on the 
microphone. The pianissimo and fortissimo passages of a selection are 
e(|ualized to a certain extent by the radio operator. While this might be 
thought to distort the true character of a rendition the actual result in 
the receiving set is more pleasing than if the practice were not resorted to. 
The power range of an orchestral selection may frequently be 100,000 
to 1 and the ear of the listener in the concert hall changes its sensitiveness 
automatically as these intensities occur. In the radio amplifier such power 
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Fig. 76.—Simplified diagram of a 5 kw. broadcast transmitter. 
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ranges would result in unsatisfactory operation, tending to ^^block^^ some 
of the tubes or give so little intensity to the low passages that the radio 
listener gets nothing. It has been found that a power range of 1000 to 1 
is plenty to give a radio reproduction reasonable similarity to the actual 
rendition and this is about the range used in practice. 

Furthermore there is always a certain background’^ of noise in a 
radio channel due to atmospherics, etc., and the low passages must be 




Fig. 77.—The two triodes of the power amplifier” of Fig. 76; 


kept louder than this background noise. An operator constantly keeps 
watch on the amplifier output and by manipulating the controls Vi and 
V 2 he keeps the amplification within the proper range. The voltage 
output is several volts, the speech amplifier having raised the signal to this 
value from the few millivolts generated in the microphone. 

(h) The radio-frequency system is no different from any of the oscil¬ 
lating and modulating systems already outlined. Plate-circuit modula¬ 
tion is the one generally used in the broadcasting stations in the United 
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States. Simplified circuit diagrams of low power sets are shown in Figs. 
40 and 41. Fig. 76 shows the simplified diagram of a 5-kw. broadcast 
transmitter. In Fig. 77 are shown the two power tubes feeding the an¬ 
tenna, and in Fig. 78 is shown the arrangement of tuning coils and coupling 
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Fig. 78.—Tuning coils and coupling conden.sers, for getting the output of the power 

amplifier into the antenna. 


condensers for the antenna and a.ssociated circuit. Fig. 79 is a rear view 
of a complete 5-kw. transmitter.^ 

(c) The power equipment for the smaller stations generally consists of 
a motor driving two c.c. generators; one of these develops 1500 to 2000 

^ These illustrations are of apparatus as manufactured by the Western Electric Co. 
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volts for the plate supply and the other is a 15-20 volt generator for heat¬ 
ing the filaments. The generator voltages are controlled by suitable 
field rheostats. Suitable filter circuits are used to eliminate the ripples 
due to the commutator. 

In general, batteries are used for operating the low power stages of the 
amplifier—this is important because any variations in power supply for the 
amplifier tubes is much exaggerated by the time it gets to the power tubes, 
and gives the familiar l)ackground noiseof the poorer class of stations. 

For stations of more than 1-kw. rating water-cooled triodes are used 
and the plate supply of from 10,000 to 15,000 volts is generally obtained 
from a bank of rectifiers. A common scheme is to arrange a three-phase 
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I’ lG. 79.—Hear view of a complete 5-kw. transmitter. 


Star-connected bank of transformers and rectifiers in each. The three- 
phase power supply elimiiiatt's much of the ripple which necessarily 
occurs with a single-phase power supply, thus requiring a less expensive 
filter system. To get the required grid bias small generators are generally 
used. 

(d) The control equipment includes in addition to the field rheostats 
of generators, and volume control, already mentioned, a “mixing panel’’ 
from which the operator is able to pick up his signal from any one of several 
microphones placed in the studio or music hall. He may use several 
microphones at the same time in which case each microphone is poten¬ 
tiometer-controlled to enable the operator to “fade out” one of them as 
he gradually brings in the other. 
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The water-cooled tubes require pumps, etc., and suitable safety relays 
are operated by the temperature of the cooling water. Proper retard 
circuits enable the various operations, lighting filaments, starting water 
supply, putting on grid bias, putting on plate voltage, etc., to take place 
in proper sequence and at the proper time intervals. 

Ammeters are provided for the antenna radio-frequency current; also 
for the plate and grid circuits of both oscillators and modulators. The 
ammeter in the plate circuit of the modulator responds to changes in speech 
volume and thus serves as a correct measure of the modulation. 

In general the grid of the modulator should not swing positive and 
the modulator grid ammeter serves to indicate when this is so. Ordinarily 
this ammeter should read zero. The amount of excitation furnished to 
the grid of the power amplifiers' is ordinarily continuously variable so 
that the operator can readily control the antenna power. 

In all of the better stations the master oscilUitor is operated from a 
piezo-electric crystal (see p. 627) thus insuring constancy in wave length 
to a degree finer than can be measured. 

Some of the modern stations are arranged to broadcast the same 
program at two or more wave lengths, using two different transmitters 
and antennas, but the same speech amplifier. The longer wave is used 
for local reception (within a few hundred miles) while the short wave is 
intended for those a thousand or more miles away. The short-wave 
signal has occasionally been used to control the output of another station 
but such use of the ether does not seem to be good engineering. Wire 
lines are much more suitable for operating distant stations. 

Harmonics from Transmitters. —A broadcasting station having a 
fundamental frequency of 600 kc. may possibly be sending out also a 
second harmonic of 1200 kc. and a third harmonic of 1800 kc. These 
upper harmonics may seriously interfere with reception from other stations 
assigned to operate on these frequencies. A good 50-kw. transmitter 
sets up a field of about 2 volts per meter at a distance of 1 mile. A har¬ 
monic of 0.1 per cent would therefore give a field strength of a 2 millivolts 
per meter and would completely spoil reception from another station 
perhaps 50 miles away, assigned to send on this frequency. As pointed 
out in Chapter IV, a field strength as weak as 100 microvolts per meter 
gives what is called satisfactory reception if there is no interference. This 
harmonic of 0.1 per cent from the 50-kw. transmitter would be 20 times as 
strong as this field strength of 100 iiv per meter, and so would completely 
mask the other station. 

It is thus evident that stringent limitation on the percentage harmonic 
sent out from the powerful stations must be imposed, otherwise they not 

^See Power Amplifiers in Transatlantic Radio Telephony,” by Oswald and 
Schelleng in Proc. I.R.E., Vol. XIII, No. 3, June. 1925. 
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only appropriate their own channel but one or two others besides. This 
point has been discussed by Nelson/ and he concludes that a well-built 
transmitter can hold down its harmonics to 0.05 per cent, and possibly 
lower as designs improve. 

Modulation Distortion in Transmitters. —The voice or music in the 
studio acts on the microphone, which itself may introduce much distor¬ 
tion. (See p. 795.) The speech amplifier raises the microphone output 
perhaps 1000 times in voltage, and this is still further raised to perhaps 
several hundred or a thousand volts and then applied to some convenient 
power stage of the transmitter, where it modulates the radio-frequency 
power. This modulated radio-frequency power is then further amplified 
by power tubes and supplied to the antenna. It will be appreciated that 
it requires a high grade of engineering skill to produce, in the antenna. 



Fig. 80. —Fidelity curves of transmitters and receivers. Curve 1 is for a moflern 50 kw. 
transmitter; curve 2 is for a 5 kw. transmitter as made eight years ago, while curves 
3 and 4 are the fidelity curves of two modern radio broadcast receivers. 

modulated power which varies exactly as does the few microwatts of voice 
power acting on the microphone. Fig. 80 shows the fidelity of modula¬ 
tion of a Western Electric 50-kw. transmitter; it is constant within about 
one decibel from 20 cycles to 10,000 cycles per second. On the same curve 
sheet are shown the fidelity curve of a transmitter of 1924, as well as the 
frequency response curves of two typical receivers. It is seen that the 
output of the broadcast station is of much better quality than that given 
off by the receiving set. 

Loud Speakers.^ —Practically all good broadcast receivers today 
operate a loud-speaking telephone receiver instead of the headphones 
lI.R.E., Nov., 1929, p. 1948. 

2 See Proceedings of Physical Society of Tx)ndon, Vol. 36, Parts 2 and 3, Feb. and 
March, 1924 for discussion of loud speakers. Also see “Electrical Loud Speakers,^* 
by A. Nyman, Jour. A.I.E.E., 1923, and “Design of Telephone Receivers for Loud 
Speaking Purposes,” by Hanna, Proc. I.R.E., Vol. 13, No. 4, Aug., 1925. 
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formerly used. No matter how good the transmitting station may be, 
or how perfectly designed the receiving set the program is spoiled for the 
listener if the loud speaker does not function properly. 

Since speech and music contain certain frequencies ranging from 40 
cycles to 15,000 cycles (see Fig. 8, p. 787), and since faithful reproduction 
depends upon the loud speaker giving proper resj)onse to each of the fre¬ 
quencies, it will be seen that a loud speaker must have two characteristics: 
for a given frequency the amplitude of vibration of the air result be pro¬ 
portional to the current input and for a given curnuit input the amplitude 
must be independent of the frequency. 

It is evident that vibrating diaphragms and bars can scarcely satisfy 
these conditions, simple as they are, for mechanically vibrating systems 
having mass and spring forces are sure to vibrate^ more readily at some 
frequencies than at others. The early loud s])eakers were remarkably 
resonant for certain frequencies, thus gn^itly acc('ntuating th(‘se notes in 
an orchestral sek'ction and thus spoiling the (]uality. 

To eliminate the effects of mechanical resonance it is necessary to 
introduce damping and this damping should pr(‘ferably be caused by the 
radiation of sound. Now it is difficult to extract much energy from a 
small diaphragm in the form of sound; the air next to th(^ diaphragm 
runs away ” and refuses to take that compr(‘ssion which is necessary for 
the propagation of sound waves. 

To hold the air close to the vibrating diaphragm and force it to extract 
sound energy is the function of the familiar horn. The air cannot spill 
sidewise from the diaphragm Indiind a horn as it can with the hornless dia¬ 
phragm and so stays in position in front of tli(‘ vibrating disc and thus 
receives sound energy. In the pa[)ers j)reviously r(‘f(*rred to mathematical 
relations defining the function of the horn an' deriv(‘d. It is shown that 
the opening of the horn must 1 m' n'asonably large*, that the cross-section 
of the horn must increase slowly and logarithmically and that the neck 
of the horn must be rigid.* d'lic^ mat(*riat of which the horn is made must 
be of non-resonant quality, such as papier mache or ce'ment. Unless the 
suitable precautions are taken the horn its(*lf will act like a resonant air 
column and thus accentuate a cf*rtain characteristic note which depends 
upon the length of the horn. 4die lower the rioters to be reproduced the 
longer the horn must be. 

The very great effect of a horn on the characteristics of a loud speaker 
is well brought out by measuring tho electrical constants of the loud¬ 
speaker winding, with and without horn. With the diaphragm clamped 
tight the measured resistance and reactances throughout the frequency 

'See “The Function and Design of Horns for Loud Speakers," by Hanna and 
Slepian, .Jour. A.I.FIE., 1924; also “The Performance and Theory of Loud Speaker 
Homs," by Goldsmith and Minton, Proc. LR.E., Vol. 12, No. 4, Aug., 1924. 
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range are quite smooth, showing just as would be expected, decreasing 
inductance and increasing resistance with increasing frequency. With 
the diaphragm free to vibrate, and no horn, very pronounced effects on 
both resistance and reactance occur at the natural frequency of the dia¬ 
phragm. This is well shown in Fig. 81, which shows the characteristic 
of one of the well-known loud speakers. Evidently the natural period of 
the diaphragm was 940 cycles per second. The increase in resistance 
brought about by the vibrating diaphragm at this frequency is more than 
50 per cent of the total resistance, that is, the resistance introduced by 
the motion of the diaphragm is more than the resistance due to the 
winding and iron losses. 



Frequency 


J^iG. 81 .—The electrical characteristics of a loud speaker under various conditions; 
the addition of the horn practically eliminates the resonant quality of the vibrating 
system. 


When the horn is put in place the resonance condition disappears 
completely, showing liow effectively the air column in the horn damps 
out the natural resonant vibration of the diaphragm. It will be seen 
that the provsence of the horn quite appreciably raises the resistance 
throughout the low-frequency range; this electrical determination thus 
emphasizes the well-known fact that the addition of the horn brings 
out ’’ the low notes. The hump in the resistance curve (for the clamped 
diaphragm) at 1500 cycles was probably due to the fact that clamping did 
not hold it perfectly tight; under the clamping conditions there was 
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probably considerable vibration at this frequency, as indicated by both 
resistance and inductance curves. The type of loud speaker used in 
getting these curves was somewhat like that shown in Fig. 82. 

Provided the horn is of the right form and size the speaker shown in 



Fio. 82.—The '‘moving-coil’’ type of loud 
speaker; the small solenoidal coil Cz is 
placed in the narrow circular air gap of 
the powerful electromagnet. 


P"ig. 82 will reproduce reasonably 
well the low notes of a program, 
but the large air spaces around the 
diaphragm make it inefficient for 
the high frequencies. The air 



Fig. 83. —Cross-section of an efficient horn 
type loud speaker, designed for the low- 
frequency range. Mass of coil-f dia¬ 
phragm = 1.00 grams; area of diaphragm 
= 28 sq. cm.; area of throat of horn = 
2.45 sq. cm. 


cavities around the diaphragm must be very carefully formed if the 
motion of the diaphragm is to impart much sound energy to the air in 
proximity to it. Wente and Thomas ^ describe a moving coil type of 
speaker which has a very light, rigid duralumin diaphragm, and a carefully 

designed air chamber around it, which has 
remarkable efficiency. The ordinary loud 
speaker gives off in the form of sound but a 
small part of the electrical power input, prob¬ 
ably never to exceed 5 per cent and generally 
much less than this. This special speaker of 
Wente is shown to have an efficiency as high as 
50 per cent; its construction is indicated in Figs. 
83 and 84, from which it will he noticed that the 
throat of the horn is a narrow ring opening. The field magnet develops a 
flux density in the air gap of 20,000 gausses. The coil is of edgewise- 
wound aluminum ribbon 0.015 in. wide and 0.002 in. thick with 0.0002 in. 

1 B.S.T.J., Jan., 1928. 


Airgap 



Fig. 84. —The magnetic field 
structure for the loud 
speaker shown in Fig. 83. 



LOUD SPEAKERS 


857 


insulation between turns. The 70 turns are held rigidly together by the 
cementing action of the insulation, so the coil needs no form to hold it to¬ 
gether. With a very long horn, having a cross-sectional area that increases 
exponentially with increasing distance from the diaphragm (a so-called 
exponential horn)^ the sound output at 60 
cycles varies as shown in Fig. 85 as the elec¬ 
trical input is increased. The speaker will 
give off a large fraction of 1 watt with but 
little distortion. Its performance throughout 
the range of usual frequencies is shown in 
Fig. 86; in this figure zero db is taken as 
100 per cent efficiency. 

It will be seen that even this well-designed 
speaker becomes inefficient at high fre¬ 
quencies. To reproduce the tone of cymbals, 
or similar percussion instruments, it is neces¬ 
sary for the speaker to give a good response 
for frequencies as high as about 15,000. 

Bostwick ^ describes a speaker built in 
fashion somewhat similar to that shown in 
Fig. 83, but with more restricted air spaces in 
the throat, and lighter and more rigid dia¬ 
phragm. The cross-section through this speaker is shown in Fig. 87; the 
diaphragm of 0.005-in.-thick duralumin is crowned and has a coil fastened 
to the edge of the crown similar to that shown in Fig. 83. The dia¬ 
phragm is only I in. in diameter and weighs, with the coil, only 0.16 gram. 


100 
50 ^ 
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Frequency 

Fig. 80.—Conversion efficiency of the speaker shown in Fig. 83, throughout the useful 

frequency range. 

The throat, close to the diaphragm, is an annular opening having an area 
of only 0.19 sq. cm. The horn itself is only 6 in. long, and the speaker 
is so small that it can be supported right inside the mouth of the horn 
of the larger speaker. 

^ Journal Acoustical Society of America, Oct., 1930, p. 242. 
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Fig. 85.—Curve showing the 
conversion efficiency of the 
speaker shown in Fig. 83. 
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Fig. 87.- 


-Cross-section of ii speaker designed to eovaa* 
the high-frequeriey range. 


The response of this small speaker is nearly uniform from 3000 to 12,000 
cycles, and the response is still appreciable at even higher frequencies. 
By supplying power to both the large speaker of Fig. 83 and this small one, 
through a filter as shown in the diagram of Fig. 88, the combined response is 
extremely uniform from 60 to 12,000 cycles, as shown in the curve of Fig. 
88. The Li, Cl, Ci», filter is designed to give about equal division of power 

at 3000 cycles; above this 
frequency the smaller 
speaker gets the larger 
share of the available 
power. 

Hornless Loud 
Speakers.^ — By fitting 
the moving coil of the 
speaker to a rigid, shal¬ 
low coiu» of some light 

material, such as paper, the cone having an outside diameter of perhaps 
10 in., a fairly good response is obtained over the ordinary frequency 
range. The ordinary construction is shown in Fig. 89. The outer edge 
of the cone is held in place by a flexible membrane of sonu' sort (cloth or 
leather), and this is fastened to the edge of a circular hole in a baffle 
board. At low vibration freipiencies th(‘ air tends to run around from 
the front of the moving 
cone to the back; the 
baffle board prevents 
this flow of air and so 
tends to strengthen the 
low-frequency respopso 
of the speaker. The coil 
Dj fitting loosely in the 
annular air gap between 
pole piece B and ring C, 
is cemented to the frus¬ 
trated apex of the paper 
cone. The magnetizing 
winding A, made of 
many turns of fine wire, 
is generally used as one of 
its mmf. is a pulsating one. 
induce currents in the coil 



Fig. 88.—By the spc}ik(‘r.s shown in 83 and 

Fi^<, 87 in 8erie.s, ihroui^h the* .spe(;iHl shown hero, 
the sound output la nuisonahly uniform from GO to 
10,000 cycles. 


the chokes in the plate supply filter, so 
But a pulsating flux in th(‘ air gap will 
and so impart to the coil a to-and-fro 
motion of the frequency of the magnetic field variations. This is one 

^ “Notes on the Development of a New Typ)e of Loud Speaker,'' Rice and Kellogg, 
Jour. A.I.E.E., Sept., 1925. 






HORNLESS LOUD SPEAKERS 


859 


familiar hum from the loud speaker of a poorly 


reason for the 
designed set. 

A ring E composed of alternate layers of copper and iron will effectu¬ 
ally stop pulsations of the magnet ic field in the 
air gap. It acts to attenuate the pulsations in 
the magnetic field as they proceed from coil A 
towards the air gap. Of course these rings also 
act to cut down the choking action of the coil, 
to some extent, hut this decrease is not large. 

In Fig. 90 ar(i shown the sound response 
curves from a speaker of the type shown in 
Fig. 89, when two different sizes of baffle 
board are usc^l. The moving paper cone fitted 
in a hole in the centca* of the baffle board. The 
sound ineasurenK'iits were made outdoors where 
reflections would be eliminated. It is (piite evi¬ 
dent that the larg('r baffle board materially raises 
the low’ frecpu'ncy sent out from the speaker. 

These paper cones, although built to act like 
a rigid diaphragm actually develop wave mo¬ 
tions at the higlier frecpiencies. The actual 
motion of the diaphragm is very small at the 
ordinary voice freqiK'iicy but for low notes 
such as th(‘ organ giv(\s, it ma}’ vibrate a millimeter 



Fig. 89.—The familiar type 
of “dynarnio” speaker; the 
coil I) moves the paper 
cone back and forth. 


speaker ‘ gave an amplitude of 


or more. A certain 
one micron (center of the cone) with a 


Elecirodynamic Cone 

Outd(X)rs - Measuring microphone -4 ft. x 4 ft. baffle 



Fig. 90. —EfiFect of baffle board on response of speaker. Vertical scale in db. 


500-cycle current of 0.004 ampere. With increasing distance from the 
center the amplitude rapidly diminished. 

At 500 cycles this cone showed a reversal of motional phase along a 
circle 5 centimeters from the center. At 800 cycles it showed one reversal 

‘ “On the Amplitude of Driven Tx)ud Speaker Cones,” Strutt, I.R.E., May, 1931, 
p. 839. 
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3 cm. from the center, a second reversal at 7 cm. from the center and a 
third at 10 cm. from the center. This cone showed circular nodes and 
antinodes which approached one another as the frequency was raised. 



60 100 200 500 1,000 2,000 6,000 10,000 

Frequency 


Fig. 91.—Comparative responses of a poor 
horn speaker and the ordinary good 
moving coil speaker. 


-► frequency 

-o- Low frequency 



Fig. 92.—A flat, moving diagram gives 
off high-frequency sound nearly in the 
form of a narrow lieam. The same 
diagram gives off low-frequency sound 
in a more nearly radial distribution. 


A condenser type of loud speaker has been developed ^ but it has not 
come into common use, evidently being much less efficient than the types 
described above. 

Loud Speaker Response Curves. —The loud speaker furnished with the 



Frequency 

Fig. 93.—For low frequencies the speaker sends equally 
well inside of a solid 45° angle but at the higher frequen¬ 
cies fioints situated off the axis of the speaker receive 
comparatively little sound. 


average radio receiv¬ 
ing set does not give 
a response curve as 
uniform as that shown 
in Fig. 88, by any 
means. In Fig. 91 are 
shown the r(‘sponse 
curves of a poor horn- 
type speaker (as fur¬ 
nished with some re¬ 
ceiving sets) and a 
dynamic, or moving 
coil, speaker of the 
type shown in Fig. 89. 

Distribution of 
Sound from a Loud 
Speaker. —The sound 


does not proceed 

equally well in all directions but tends to be directed along the axis 
of the moving diaphragm; this is especially true of the flat condenser type of 
speaker or of the flat eddy current speaker in which a copper plate is made 
to vibrate back and forth by eddy currents induced in it. Furthermore, 


^ ‘‘The Kyle Condenser Loud Speaker/’ I.R.E., July, 1929, p. 1142. 
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the higher frequencies tend to be confined to straightforward propagation 
more than the low ones. This idea is illustrated in Fig. 92; Fig. 93 shows 
the response of a microphone placed at equal distances from a loud speaker, 
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in different directions. It can be seen that the low frequencies, up to say 
200 cycles, were as strong 45° away from the axis of the speaker as they 
were on the axis, but with increasing frequency the amount of sound off 
the axis became less and less. 
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Thus at 5000 cycles the response of the microphone 45^ off the axis of 
the speaker was 30 db lower than when on the axis; this means that the 
5000-cycle note is only one thousandth as intense at 45° as it is directly in 
front of the speaker. 



Typical Broadcasting Station Apparatus.—As indicative of the real 
engineering construction involved in modern transmitting equipment there 
are shown in Figs, 94 to 97 the equipment of a good 5-kw. station. The 
studio, with its hangings and draperies to get just the right amount of 
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reverberation, is shown in Fig. 94 and in Figs. 95 and 96 is shown the 
transmitting apparatus proper. Water-cooled tubes are visible through 
the switchboard openings and the many meters which show how they are 
performing are mounted on the front of the board. In Fig. 97 is shown 



the speecii ami)lih(‘r, located at the studio. The output from various 
microphones is here ‘‘ mixed and properly controlled in amplitude 
before being sent to the transmitter station generally located several miles 
from the studio. 
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The antenna of this station, designed to operate at about 316 meters, 
has a natural wave length of about 280 meters, with no added inductance. 



Fig. 97.—The speech amplifier at the studio; here the intensity of the voice current is 
properly adjusted before bein^ sent over the wires to the transrnitt-er station about 
twenty miles distant. Note the “monitoring” speaker overhead, for the operator's 
use. 


The small inductance required to couple the antenna to the high-frequency 
power supply is sufficient to bring the wave length up to 316 meters. At 
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this wave length the total antenna resistance is in the neighborhood of 
15 ohms, of which possibly 10 ohms is radiation resistance. When trans¬ 
mitting with full power, the apparatus of Fig. 96 will supply 22 amperes to 
the antenna; the antenna power is thus between 4 and 5 kw. 

The cost of such a transmitting outfit as that used in this station is 
between $50,000 and $150,000, and the cost of operating the station for 
one year is about the same amount. 

The size of the studio naturally depends upon the type of program to 
be broadcast, number of performers, etc. Walls and ceiling are made of 
some sound-absorbing material such as hair felt, celotex, and similar 
materials. The reverberation is actually measured (by a form of oscillo¬ 
graph) and by propcu' construction of room, hangings, etc., is reduced to 
the desired amount. Generally two studios are in plain view of the station 
announcer so that on(i program may be in progress while the next is being 
prepared.^ 

In a broadcast station of most recent design the vacuum-tube equip¬ 
ment will put an average power of 50 kw. into the antenna with the pos¬ 
sibility of delivering 200 kw. to the antenna during the modulation peaks. 
The input to such a station is about 350 kw. of 60-cyclc 2300-volt three- 
phase power. Six rectifier tubes, fed through a six-phase transformer, 
supply 20,000 volt continuous current power for the plate circuits of the 
large amplifier tubes. The amplifier tubes, from the 50-watt size up 
through the series to the large water-cooled tubes supplying the antenna, 
are arranged in pairs, in the push-pull or balanced amplifier arrange¬ 
ment. (See Fig. 41, p. 819.) 

Continuous-current generators are used for grid bias and filament 
power. Tremendous filters an' used in the various circuits to eliminate 
the ripples, as much as 5000 microfarads (of electrolytic condensers) being 
used in one filter si'ction. Some of the coils of the filter system weigh as 
much as four tons. 

Location of Broadcasting Stations.- The first tendency was to place 
the broadcasting station right in the densely populated districts, but this 
practice sliould never be followed under present conditions. With many 
stations operating at the same time, perhaps 50 kc. apart in frequency, 
the listener close to one of the stations is practically cut off from the 
others. 

All the stations should be located 20 miles or so from the city; 
all of the listeners in the city will then receive a field strength of a few 
millivolts per meter, and none of them will get signals of a hundred or 
more millivolts pc'r meter as is the case when the station is located in the 
midst of the listeners. Furthermore when the station is located in a 

^ F'or (leUiiled information, see “ Design and Construction of Broadcast Studios,** 
Hanson and Morris, I.R.E., Jan., 1931, p. 17. 
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district of steel construction buildings most of the radiated power is 
absorbed by these buildings within a mile or so of the station. 

Costs of Broadcasting Stations. —The costs of constructing and main¬ 
taining a broadcasting station arc much greater than would naturally 
be supposed, in view of the small amount of power they put out. An 
ordinary electric power plant, for example, costs perhaps $100 to $200 per 
kw. of power rating, but power in the form of modulated radio-frequency 
current is much more expensive. 

A detailed estimate of the costs of the better class stations has been 
compiled/ from which the following brief summary is taken. The capital 
investment represents the average minimum, including buildings, antenna, 
and all actual apparatus for station and studio. The annual maintenance 
cost is exclusive of program talent, merely covering wages for operators, 
depreciation, etc. This latter item is taken as 25 per cent, in so far as 
actual transmitter apparatus is concerned. 


Station power 

1 K w 

r> Kw 

.'iO Kw 

Capital investment. 

$44,900 

$127,(KK) 

$338,000 

Annual maintenance: 

Studios and offices. 

24,IKK) 

52,0(X) 

83,000 

Plant. 

24,150 

73,100 

213,150 

Total annual cost: 

Five hours daily. 

Ten hours daily. 

49,050 

64,4(X) 

125.100 

154.100 

296,150 

1 

Investment and operating cost for first year. . . . 

109,.300 

281,100 

634,150 


‘ “Elcctronic«/’ June, 1931, p. 688. 
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Simple Antennas—Mechanism of Radiation.—As already described 
(p, 207), an antenna consists of one or more wires, suitably arranged, by 
means of which electromagnetic waves are radiated when high-frequency 
currents are sent into the wires. 

The simplest type of antenna is the one shown in Fig. 

1, consisting of two wires, BC and DF with an alternator, 

A , or some other source of high-frequency power, connected 
in the middle. In this arrangement one of the two wires 
may be considered as the “ aerial,’’ while the other per¬ 
forms the function of a counterpoise.” Both wires in this 
case, however, radiate electromagnetic waves, whereas in 
most arrangements the counterpoise is so arranged that 
it radiates but poorly compared to the aerial proper. 

The fundamental action of the alternator, as its 
electromotive force varies from positive to negative and 
vice versa, is to charge the wire BC positively, while, at 
the same time, wire DF is charged negatively, and, later, 
to reverse the charges on the two wires. It is plain 
that if, say, BC is to be charged positively, electrons 
must be taken from it by the alternator and transferred 
to some other conductor, which, in this case, is DF. 

Again, when BC is chargcMl negatively, electrons must 
be taken away from DF and transferred to BC. Hence 
the obvious necessity of having electric conductors capa¬ 
ble of storing electricity, or conductors with a reasonable 
amount of capacitance, connected on both sides of the 
alternator. 1'hus, it would not be advisable to use the 
iirr^ngement shown in Fig. 2, for, in this case, the storage 
capacity of BC would be relatively small. As pointed 
out in Chapter II, the capacity of such a combination 
(BC and DF) depends upon the surface of each conductor; if either 
of them is made very small the capacity of the combination (which deter¬ 
mines how many electrons may be transferred by the action of alter¬ 
nator A) approaches zero and the amount of radiation possible a]sc 

867 


Fig. 1.—Theoret¬ 
ically the sim¬ 
plest type of an¬ 
tenna, the two 
wires CB and 
DF form the 
two plates of an 
open condenser. 
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approaches zero. On the other hand, it is common practice to connect 
as shown in Fig. 3, where the ground G forms a very good second plate 

of t he condenser, since its surface is very large, 
giving a reasonable capacity to the condenser 
made up of BC for one plate and the earth for 
the other. Furthermore, the wire DF of Fig. 
1 may be laid out horizontal, insulated from 
the earth. Also it may consist of several wires, 
spread out horizontally, all joining at Z). This 
arrangement forms the well-known counter¬ 
poise ground, used especially where the ground 
resistance is high. 

In order more fully to understand how 
energy may be radiated in the form of electro¬ 
magnetic waves by means of an antenna, we 
will first go over some fundamental principles 
in connection with magnetic and electric fields. 

An electric field exists in the region where 
electric forces arc rnanih'sted, and the intensity 
of such a field at any point is measured by the force acting upon a unit 
charge of electricity placed at the point in (lucstion. 

Similarly, a magnetic field exists in the 
region where magnetic forces are manifested, 
and the intensity of such a field at any point 
is measured by the force acting upon a unit 
magnetic pole placed at the point in (piestion. 

The lines of action of the (‘lectric or magnetic 
forces are called electric or magnetic lines of 
force and represent, at'any point, the direc¬ 
tion of the force. It is also convenient to 
represent graphically the intensity of the 
electric or magnetic field by drawing more 
or less lines per unit area corresponding to a 
stronger or weaker field respectively; but it 
must be kept in mind that the force exists 
everywhere throughout the space in which 
the lines are drawn and not only at the 
lines themselves; thus the number of 
lines of force per unit area (electric or mag¬ 
netic) which might fxj drawn at any point is, 
no matter what the intensity of the field, 
infinite. In other words, while it is well to visualize a field by means of 
lin^s, the significance of these lines should always be kept in mind, and 



Fia. 3.—By connecting the 
lower end of the alternator 
to earth the serni-eondurting 
suifnee of the earth takes the 
place of wire DF of Fig. 1 
and enables the generator 
to send appreciable current 
up the wire BC. 



Fia. 2.—Without the lower 
wire the capacity of the con¬ 
denser is so small that the 
alternator could not force 
an appreciable current to 
flow in in up|)er wire. 
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it should never be forgotten that an electric field or a magnetic field is 
characterized by the existence of forces acting upon an electric charge or a 
magnetic pole respectively, and exists between the “ lines of force as 
much as it does at the point through which one of the lines passes. 

Without attempting to go into the nature of a magnetic or an electric 
field we may say, however, that either field is accompanied by a strain 
in the material (ether or otherwise) present in the field, and that the forces 
manifested in the field may be considered as due to the elasticity of the 
material under stress, in much the same way that a stretched spring will 
exert a force because of the elasticity of the material tending to return 
the spring to its unstressed condition. Whatever the nature of the 
stresses and strains in an electric or a magnetic field, we may lay down 
certain well-known facts regarding them. 

First.—An electric field or a magnetic field represents a definite amount 
of energy per unit volume of the field. It may be shown that this energy 
is, for the case of air, given by:^ 


IP 

If m = 7“ ergs per cubic centimeter. 
Stt 


— _ __ pj,gg pQY cubic centimeter 
Stt 


( 1 ) 


=-; ergs per cubic centimeter, .... (2) 

2.26X10’^ 

where frr„ = energy in ergs per cubic centimeter of a magnetic field; 
ir,. = eiK‘rgy in ergs per cubic centimeter of an electric field; 

// = intensity of tlie magnetic field in gilberts per centimeter, or in 
gausses; 

6' = intensily of the electric field, in e.s.u. per centimeter; 

£ = intensity of the electric field in volts per centimeter. 

Second.— A magnetic field in motion produces an electric field. This is 
nothing but the phenomenon of electromagnetic induction, for, the motion 
of the magnetic field induces an electromotive force, which must neces¬ 
sarily produce an (dectric stress or field. From Faraday’s law, if: 

// = intensity of magnetic field in gausses; 
t = intensity of electric field in volts per centimeter; 
y = velocity of magnetic field in centimeters per second; 

£: = T7/X10“«.(3) 

^ See J. J. Thomson, “Elements of Electricity and Magnetism,” 1904, pp. 72 and 


268 . 
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Third.—An electric field in motion produces a magnetic field. 


where a = a constant of pro¬ 
portionality. 

This action of the moving 
electric field is not as easily 
realized as is that action by 
which a moving magnetic 
field generates an electric 
field. h]very revolving field 
alternator furnished evidence 
of the latter effect. A revolv¬ 
ing field (depicted in Fig. 4) 
generates an e.m.f. in one of 
the armature conductors, 
shown at A/; one end of the 
conductor, a, becomes + and 
th(‘ other becomes—, this 
polarity reversing when a south pole takes the place of the north pole 
active in Fig. 4. 

The point to be emphasized here is this—between the two points a 
and b (in the diagram 
located at the terminals 
of conductor M) the 
moving magnetic field 
produces a difference of 
electric potential op 
e.m.f. whether the con¬ 
ductor M is there or not. 

The reciprocal rela¬ 
tion,—a moving electric 
field producing a mag¬ 
netic field—is not so 
well brought out in the 
action of ordinary elec¬ 
tric machinery even 
though it is really the 
basis of every electro¬ 
magnetic field. To 
illustrate the action let us imagine a gun shooting electrons at high 
speed, one following another rapidly in the same path, indicated in 




(lull Hhoolinjf 
nc-i;:itive churtfos 

Fi(i. 5.—A .stream of electrons .shot from a ^un is equiva¬ 
lent to an electric current and hence will produce a 
maj^netic field at any iioint A\ this magnetic field 
is really causf‘d by the vuming electric fields of the 
electrojus. (Arrow heads pointing away from the elec¬ 
trons indicate ijirection of motion.) 



Fig. 4.—The poles of the revolving field induce 
an e.m.f. in the armature conductor A/; it is 
important to note that the moving magnetic 
field will produ(‘e a difTerence of potential 
(hence an electric field) between points a and 
h whether the conductor M is there or not. 
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Fig. 5. Each of these electrons will carry with it its electric field and so 
at any point in space near the stream of moving electrons {A —Fig. 5) 
there will exist a moving electrostatic field. But we know that there wUl 





Compass 

needle 


Arrows indicate tendency 


for needle to turn as field 
moves by 


Motion 

Fia. 6.—A compass needle, pivoted so that it is free to swing in the horizontal plane, 
will tend to sc‘t itself at right angles to the motion of the electric field as long as 
the electric field is moving [)ast it, thus demonstrating the fact that a moving electric 
field generates a magnetic field, at right angles to itself and to its motion. 


bo at A a magnetic field (at right angles to the stream of electrons and 
also to the direction of the electric field) because this stream of electrons 
is really an electric currc?it, the magnitude of current depending upon the 
number of eh'ctrons passing a given 
point per second. Thus if there 
were 6.28X10^"^ electrons passing a 
given point in 1 s(‘cond, the stream 
of electrons would be ('(juivalent to 
1 ampere of curnait. 

Upon exact analysis it will be 
found that the magnetie field at .1, 
whether calculated from the well- 
known law of niagiK'tic field sur¬ 
rounding a conductor carrying 
current, or from the relation given 
in Kq. (4), has the same value. 

To illustrate this point by an¬ 
other simple experiment (easier to 
conceive than to carry out, how¬ 
ever), we suppose two metal plates, 

A and /?, Fig. 6, charged so that, 
there is an electrostatic field between them as indicated. Suppose a 
compass needle, pivoted so as to be free to rotate in a horizontal plane 
and oriented in the same direction as the motion of the plates, is vSO placed 
that it is situated in the electric field as the plates move by. A 



Fio. 7.—A toroidal coil is a good illustra¬ 
tion of a closed magnetic field. 
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magnetic force will act on the compass needle tending to make it place itself 
at right angles to the direction of motion of the electric field so long as 
the electric field is moving past, thus demonstrating the presence of a 
magnetic field as long as the electric field is moving past. The effect is 
easier to describe than to detect experimentally; the comparatively small 
velocities with which the electric field can be moved result in such low 
intensities of magnetic field that the electrostatic forces, brought into 
play by the induced electrostatic charges on the needle, completely mask 
the magnetic effects it is desired to show. 

If, now, we consider a toroid such as that represented by Fig. 7 the 
magnetic field produced by it, when carrying a current, will be practically 
limited to the space within the toroid,^ which space is not far removed 
from the conductors of the toroid. It is plain that if the current is reduced 
to zero the field collapses and in so doing it moves with respect to the 
conductors on the toroid and induces an electromotive force therein, 
thus producing an electric field. In this case, since the magnetic field is 
very near to the conductors, the motion of practically all of the magnetic 

field with respect to the con¬ 
ductors takes place at the same 
time, practically all of the 
energy given to the field is 
returned to the circuit, and no 
phenomena take place other 
than the well-known one of 
electromagnetic induction. 
Similarly Fig. 8 represents 
the two plates Pi and Pz of a conden.ser. The charging of the con¬ 
denser produces an qlectric field, which is limited practically to the space 
between the plates. 'If the conden.ser plates are short-circuited, the elec¬ 
tric field will collapse and here, as in the case of the toroid, since the 
electric field is very close to the plates, practicalhy all of the energy in the 
field will be returned to the circuit. 

If, on the other hand, we study the case of changing magnetic and 
electric fields which are distributed to comparatively great distances 
away from the seat of these fields, we meet with a new phenomenon, i.e.. 


/ 


(gnnHnn 


MEEB© 


Fig. 8.—Two closely adjacent charged plates 
illustrate well a closeti electric field. 


^ This statement is not strictly true, because there is actually some magnetic field 
outside of the toroid as long as the current is changing. As this is an extremely small 
part of the total magnetic field, however, it may generally be neglected without much 
error. Furthermore the toroid with a continuously progressing winding as shown in 
Fig. 7, is magnetically equivalent to a single turn of wire, of diameter equal to the mean 
diameter of the toroid. This effect can \ye eliminated if the winding after progressing 
around the toroid once is then wound hack over the toroid ending at the starting point. 
This means that the winding should have an even number of layers, the winding starting 
and ending at the same point on the periphery. 
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radiation of electromagnetic waves. Thus, consider the case of the two 
conductors of Fig. 9, to v/hich there is connected the high-frequency 
alternator 4. The voltage of the alternator is rapidly changing, and hence 
the charges on the conductors BC and DF are changing in value and in sign; 
the result is that a rapidly changing current is flowing through the wires, 
and the potential difference between the wires is also rapidly changing. In 
view of the above the conductors are producing a rapidly changing mag¬ 
netic field, the lines of force of which are circles concentric with the wires 
and having planes perpendicular to the wires, and, in addition, a rapidly 
varying electric field, the lines of force of which are somewhat as shown 
in the figure. 



Fig. 9.—vV pair of wires (lisj)()se(l as shown here, excited by a hiRh-frequoncy alternator, 
illustrates wdiat arc called open magnetic and (‘lectric fields; these fields reach 
out (with appreciable strength) to distances greater than the dimensions of the 
circuit itself. 


It is evident at first sight that this case is quite different from that 
of either the toroid or the two-plate condenser, for, while in the latter 
the field (either magnetic or electric) was existent only (at least practically) 
in a small space near the seat of the fields and all of it could quickly return 
its energy to the electric circuit, in the case of the antenna both the elec¬ 
tric and magnetic fields extend outward in all directions and to distances 
as great, or greater, than the dimensions of the oscillating system. It is 
plain, then, that here we must consider the time necessary for the field 
to reach a certain point. 

It is a matter of common knowledge that a disturbance or change of 
either an electric or a magnetic field travels through air or vacuum with 
the velocity of light. Consider then a point such as P at a distance d 
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from the antenna, and, for the sake of simplicity, in the equatorial plane. 

Let /=frequency of alternator in cycles per second; 

X = wave length in centimeters. 

We will first confine our attention to the electric field. Assume that 
the potential difference between the wires is on the point of starting from 
zero towards a maximum positive value and, therefore, the electric field 
is on the point of doing the same. The electric field at P will follow the 
variations of the potential difference between the wires, except that the 
variations at P will take place later, on account of the appreciable time 
necessary for the strain in the medium to travel the distance d. The line 
of action of the field at P will be vertical and repn'sented by the line t in 
Fig. 9. We must not fail to remember at this point that an electric field 
means energy and therefore a certain amount of (uiergy per cubic centi¬ 
meter is present at the point P (due to the electric field) and the value of 
this energy is growing. 

At some time, depending upon the frequency, the potential difference 
across the wires will reach a maximum and begin to diminish; and this 
will be followed, though after a definite time interval, by corresponding 
changes in the electric field at the point P^ wliich will rc'ach a maximum 
and then diminish. Since the electric field about th(‘ conductors is now 
decreasing it follows that the energy present in this fadd must be given 
back to the conductors, where it will app(‘ar as energy associated with 
the magnetic field set up by the curnuit causc'd by the collapsing elec¬ 
tric field. It is evident then, that the (‘iiergy whicli had at first moved 
from the oscillator out towards P must now nMurii towards the con¬ 
ductors. However, not all of the energy given to the electric field at 
the point P and beyond will reach the conductors before the potential 
difference across them begins to build up in the opposite' direction, thus 
again sending out energy, in the fomi of an ('lectric field in the opposite 
direction. There is then left * at the point P a ce'rtain amount of energy 
in the form of an electric field in the direction indicat(*d by Ly Fig. 9, and 
this energy is unable to return to the conductors since they are already 
sending out more energy in the form of an electric field in the opposite 
direction to that of L Fig. 9. 

The energy left at P or at any other point in the field cannot remain 
stationary, but must travel outward. This, however, could not happen 
were it not that, at the same time and for the same rc'ason that a certain 
amount of energy is left detached at any point in th(^ fonn of an electric 

^ In trying to picture radiation in this clcrncntary fashion, statements are neces¬ 
sarily made which will appear, to the mathematical physicist, rather crude and arti¬ 
ficial. 
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field, an equal amount of energy in the form of a magnetic field, acting 
in a horizontal direction as shown by Hy Fig. 9, also remains at each point. 
These two energies, moving outward with the velocity of light, can 
now sustain each other and are completely independent of the conductors 
wherefrom they issued. For, it must be here remembered that, as pointed 
out on p. 870, a moving electric field produces a magnetic field and vice 
versa. That the energies of the two fields must be equal at all points 
and times follows from the fact that, if one were larger than the other, 
the difference could not exist by itself while moving in space; ^ for, in so 
doing, it would produce the other type of energy, hence it would either 



I 2 3 



Fkj. 10. Elortric and niaj^nctic fields associated with a wave of radiation at two suc¬ 
cessive instants of time; maj^mdic fiehl c occurs with electric field o, dense magnetic 
field occurring wluae dense' electric field is and vice versa. The magnetic and electric 
fields at any point are in time phase and spaee quadrature. 


hjive one-half of itself transformed into the other type of energy, both 
of which w'ould continue to move together, or else it would be absorbed 
by the medium or some conductor in the path. 

In the brief discussion given above w^e have considered energy, in the 
form of fi varying electric field acting in a certain directiony to be detached 
from the antenna; but, of course, in a similar manner energy is also 
detached in the form of an electric field acting in the opposite direction, 
so that the electric field, equivalent to the energy which is detached from 

’ This same idea holds good for water waves also; when the two types of energy 
associated with the wave become unequal the wave “breaks.” 
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the antenna, is, at any point, varying continually in value and direction 
similarly to the antenna current. If this is harmonic the variation of 
the detached field will at any point be harmonic. Furthermore, since 
it takes time for the field to travel any distance, it follows that the phase 
of the field will be different at each point; in other words we shall, as 
already outlined in Chapter IV, have a wave constituting an electro¬ 
magnetic disturbance in the medium, so that while at a certain instant 
of time the electric field in a certain portion of the space may be repre¬ 
sented by (a) Fig. 10, the maximum intensities occurring at 1, 2, 3, a little 
later the electric field will appear as at (6), the maximum intensity now 
occurring at 1', 2', 3', and the wave of electric disturbance having traveled 
the distance from 1 to 1'. The above also applies to the magnetic field, 
the latter acting in a direction perpendicular to the electric field, and 
both moving together in a direction perpendicular to both. Thus, at a 
certain instant the magnetic field, in the portion of the space for which the 
electric field is given in Fig. 10 (a) and (6), will be represented by (c) and 
(d) Fig. 10, which will correspond to (a) and (6), respectively. Since, 
as already stated, a moving electric field produces a magnetic field propor¬ 
tional to its own intensity, and vice versa, it follows that the intensities 
of the two fields are in time phase, though in space quadrature. 


From p. 869 we have 

£.= VVXlO-«.(3) 

II==aVL .(4) 


Since in the case under discussion the electric field is produced by the 
motion of the magnetic field and the latter is produced by the motion 
of the electric field, it follows that the // and L of Eq. (3) are the same 
as the H and £. of Eq; (4), and may Ix^ substituted therein. Thus, from (3) 

//=|xio«, 

and substituting in (4) 

10«X~ = aF, 


and of course the second equation becomes the same as the first, i.e., 


or 


H = 


IQS 

■p 


XR, 


£ = 7//Xl0-8. 
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In our case V, the velocity of magnetic field and of the electric field, is 
the velocity of light; since the velocity of light is 3X10^® cms. per sec. 
we may substitute this in Eq. (3) and thus obtain 

L = 300H .(5) 

From this relation we conclude that a magnetic field, of intensity 
represented by one gauss, when moving with the velocity of light, gener¬ 
ates an electric field, at right angles to itself and to the motion, of the 
intensity of 300 volts per centimeter. 

From our brief qualitative consideration of the phenomena around 
an antenna carrying an alternating current it follows that we may consider 
the space about an antenna as occupied by two components of electric 
and magnetic fields. One of these is continually moving backwards and 
forwards from the antenna, so that energy is alternately given to it by 
the antenna and returned by it to the antenna. Because of this back¬ 
wards and forwards motion the average displacement of this component 
of either field is zero, and may therefore be known as the stationary ” 
component, also known as the induction ’’ field; it is this component 
with which students of electrical engineering are more familiar, in so far 
as it is this which produces the well-known phenomena of induction 
(either magnetic or electrostatic). 

The other component of either field is the one which, once having 
left the antenna, is prevented from returning to it and is thereafter urged 
away from the antenna and continually travels outward from this with 
the velocity of light. This component, while fundamentally of the same 
nature as the stationary component, it is yet very different in so far as 
it is completely detached from the antenna. It is known as the 
“ radiation field and represents energy which is transferred by 
the antenna to the medium around it, which energy is never again 
returned to the antenna. At any given point in space the induc¬ 
tion fields (magnetic and electric) are out of time phase by 90°; at 
the instant one of them is a maximum the other is zero. The two 
components of the radiation field, on the other hand, are tn time phase 
with one another; at a given point in space the two components rise 
and fall simultaneously. 

Both of the above types of the fields, i.e., induction and radiation, 
exist at any point at any distance from the antenna; but at points near 
it the induction field is much greater than the radiation field, while at 
points far away from the antenna the radiation field is so much greater than 
the induction field that the latter may be said not to exist. The reason 
for this is that the amplitude of the induction field at any point varies 
inversely as the square of the distance while that of the radiation field 
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varies inversely as the first power of the distance.^ Thus any effects 
of the field near the antenna are mostly due to the induction field, while 
at great distances from the antenna they are mostly, and practically 
wholly, due to the radiated field. Hereafter when speaking of the field 
about an antenna we will, unless otherwise specified, mean to refer to 
the radiation field, since this is the one by means of which intelligence 
is transmitted to great distances without wires. 

The radiation component of the field is most important when the 
currents in the antenna are of high frequency; but it must not be under¬ 
stood that no radiation component exists at low frequencies; for a radi¬ 
ation component exists at any and all frequencies. Since, however, the 
very reason for the existence of such a component is to be found in the 
inability of the energy given to a rapidly changing field to return in its 
entirety to the circuit giving out the energy, it follows that, for slowly 
changing fields, this effect is negligible, and hence the radiation field is 
practically non-existent and is never considered in low-frequency circuits. 

It must not be concluded, as a n^sult of the foregoing elementary 
analysis, that there are actually two different fudds to be considered, one 
induction and one radiation. At any point in space in the neighborhood 
of a radiating system, the magnetic and electric fields both go through 
harmonic variations. Close to the radiator these two fields are both of 
intense amplitude (comparatively) and they are very nearly 90"^ out 
of time phase; as the distance from the oscillator increases both of these 
fields fall off in intensity and with increasing distance the phase difference 
is diminished until at very great distances (pca’haps a wave length from 
the radiator) the electric and magnetic field are in phase. 

This point is illustrated in Fig. 11; in (a) are shown the magnitudes 
of the actual electric and magnetic fields at various distances from the 
radiator (points supposed in the equatorial plan(‘) and in (b) and (r) are 
shown the induction and radiation components of the actual field. The 
electric and magnetic fields are, for all conditions, in ^spare <juadratiire 
(i.e., at right angles with one another) but the time phase between the 
two fields varies as indicated in tlu‘ diagram. 

The above discussion has l)een given on the basis of the antenna and 
counterpoise represented by Fig. 1, but it applies (‘(pially well no matter 
what the counterpoise and no matter what the nature of the source which 
produces alternating currents in the antenna. 

A Simple Analogy to an Antenna. —A very simple picture, which con¬ 
tains much of the characteristic behavior of the radiat ing antenna, supposes 
a large sheet of rubbe^r held tight at its distant boundaries by clamps of 
some sort. We imagine this stretched rubber sheet held horizontal and 

^See “Principles of Radio Transmission and R(;ception with Antenna and Coil 
AerialB/’ by J. H. Dellinger, Proc. A.I.K.E., Oct., 1910. 
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to its middle point a vertically held stick is attached, by a tack. The 
stick is now made to execute simple harmonic motion in the vertical 
direction, of course, carrying along with it the central point of the rubber 
sheet. 

Any point on the rubber r.heet close to the place where the stick is 
attached will be lifted up and down following the motion of the stick, but 
distant points on the rubber sheet will experience no motion if the motion 





Actual ficld^^, at firt>t docreasinf? rapidly with distance, and 
then n cre .slow ly ; time pha^c betw een E and H decreases 
from nearly 90 at (1) to 0 at (5) 



liuluotion lioUls, decroasiiiK rapidly with distance, time 
plia.se between E and H for all points “90 ’' 



Radiatk)!! lield.s, decreasing’ slowly with distance, time 
phase between E and H for all points 


-->■ Incrca.-'ing dii^lancc from antenna 

J'k;. II. .Acdial i-lpctrir and magnetic fields at difTorent points in the vicinity of an 
ant('niia shown in a; these aetual fields decrease in magnitude with distance from 
the antenna and at the same time eoine more nearly into time phase. The compo- 
lUMits of the fields which are 00° out of phase (in time) are called the induction 
fields, shown at b, while the eomjxuH'iits which are in time phase with each other 
constitute the radiation fieltls; the latter decrease with the first power of the dis¬ 
tance while the former decrease with the second power of the distance. 


of the stick is reasonably small. Ilowcvor, when the oscillatory motion 
of the stick is increasc'd in fre(|uency it will be seen that waves are sent 
out over the rubber sheet and these waves will set into motion the more 
distant parts of the rul)ber. That is, points on the sheet so far distant 
from the stick that steady displacements of the stick produces no per¬ 
ceptible displacement of the rubber sheet will be affected, and move up 
and down, if the stick is moved up and down with sufficient rapidity. 
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The distortion and motion of the rubber sheet, near the stick when the 
stick is moved up and down slowly, correspond to the induction fields of 
the antenna whereas the distortion and motion of the rubber sheet produced 
by the waves, correspond to the radiation fields. 

Radiation from the Electron Viewpoint.—The foregoing simple expla¬ 
nation of radiation has been developed along the well-known lines used in 

ordinary engineering texts; it is, in a 
sense, unsatisfactory in that it sug¬ 
gests two sets of fields around an 
antenna, inductionand “radia¬ 
tion” fields. It is, however, possible 
to construct a satisfactory picture of 
radiation from the electron view¬ 
point, using the conception of Fara¬ 
day that when a charge moves it 
carries along its electric field and 
when the position of an electron is changed a disturbance travels out 
over its field, with the velocity of light.‘ 

The electric field surrounding a stationary electron varies in strength 
in accordance with Coulomb^s law, that is, inversely with the square of 
the distance. Suppose in Fig. 12 the electron oscillates with simple har¬ 
monic motion in a vertical line, carrying its electric field with it. Con¬ 
sidering then the electric field in the equatorial plane, M-N it is evident 
that sinusoidal waves will travel out 
from the electron with the velocity 
of light. They have the same veloc¬ 
ity as light because they travel in 
the same medium as does light, 
namely the electron^ field. 

These transverse waves are sent 
out in all directions in the equatorial 
plane so that if the eye could see the 
electron^ field it would resemble the 
rubber sheet of the previous section, 
when the stick was being moved up 
and down rapidly. Waves are, of 
course, sent out in other directions than those embraced by the equatorial 
plane, but we shall confine our attention to this plane as it is here that the 
maximum radiation is sent out. 

Analyzing now this wavy electric field we picture a portion of it in 
Fig. 13. The actual direction of the field varies from point to point at a 

* J. J. Thomson uses this conception in the explanation of X-rays. See his “CJon- 
duction of Electricity through Gases,pp. 067 et seq. 



Fia. 13.—The waves set up according 
to the idea of Fig. 12 may be split 
up into their horizontal and vertical 
components. The horizontal com¬ 
ponent is balanced out by the field of 
the positive electrons, but as these do 
not move, the vertical component, of 
the waves of the electron's field, is left 
unbalanced. 


Line of motion 


Electric field 

Fia. 12.—We may get a reasonable pic¬ 
ture of self and mutual induction as 
well as radiation by imagining the radial 
electric field of the electron to actu¬ 
ally carry waves, as the electron is os¬ 
cillated back and forth. 





RADIATED FIELD AT ANY DISTANCE FROM ANTENNA 881 


given instant, or at a given point the field varies in direction from instant 
to instant. This field can always be imagined as made up of two com¬ 
ponents, one in the equatorial plane and the other perpendicular to it; 
as the wave passes a given point the equatorial component of the ‘field 
remains constant but the perpendicular component 
varies harmonically as the wave passes by. 

We have previously shown that an electric field 
moving transversely to its direction sets up what we 
call a magnetic field perpendicular to itself and to the 
direction of its motion and we see then that the trans¬ 
versely vibrating electric field of Fig. 13 will set up a 
magnetic field perpendicular to the plane of the figure. 

This magnetic field depends upon the strength of the 
electric field and upon the rapidity of its motion. 

The magnetic field associated with the transversely 
moving equatorial electric field is the magnetic 
induction field and the magnetic field associated 
with the outwardly traveling vertical component, 
a', 6', c', d'y etc. of the electric field is the magnetic radiation field. 

The transverse velocity of the equatorial electric field is very slow 
(fraction of 1 centimeter per second) whereas the velocity of the vertical 
electric field is equal to tliat of light. The strength of the equatorial field, 
however, varies inversely with the square of the distance so that at a 

short distance from the antenna 
the induction field becomes small 
compared to the radiation field. 
The transverse amplitude of the 
wave of Fig. 13 is only about 
lx 10“^^ as great as its length, so 
that the electric field actually has 
no such evident kink ” as that 
given in Fig. 13. 

Radiated Field at any Distance 
from Antenna. —Before taking this 
up we will discuss very briefly the 
distribution of the current in an 
aerial. In the case of the aerial 
shown in Fig. 14 it is plain that, 
since the current in the wire CD flows only to charge the capacity of the wire, 
the effective value of the current at C will be a maximum and at D it will 
be zero, for the current at C represents the electricity flowing through that 
point which goes to charge the rest of the wire, while at the point D no 
electricity whatever flows, since there is nothing to which it can flow. 



Fig. 15.—If the antenna has a consider¬ 
able network of wires above, the current 
in wire CD will be nearly the same in 
amplitude at all points of the wire. 










Fig. 14.—A simple 
vertical wire 
grounded an- 
tenna. 
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On the other hand, if a metallic plate or a system of conductors be 
arranged at the end of the wire CD, as at FG, Fig. 15, and if FG has a very 
large surface as compared with that of CD, it is plain that the effective 
value of the current at D will then bo only slightly smaller than that at C, 
since the current at D must be such as to charge the largo capacity 
FG, Under such conditions the effective values of the current in 
all parts of the vertical wire of the antenna will be sensibly ecjual and 
will be considered as such in the following discussion. Consider, then, 
the aerial as represented in Fig. 16, where the counterpoise is represented 
by a horizontal system of conductors, F'(F, laid near the ground but 
insulated therefrom, being in every way similar to the sysfein of con¬ 
ductors at the top of aerial F(r. Tla^ current in the vertical part of the 



K 

Fig. 16.—With uniform curroiit in wire Cl) the magnetie Tk'M <lue to this ciiiTcnt, is 

^iven ns nl)ove. 


aerial CD will be assumed to have the same effectivt' valiu' throughout, so 
that at every point of CD we will have for the e(iuation of the current: 

. i = Im ^^in a;/, 

where z = instantaneous value of aerial current in amp(‘res; 

/ni = maximum value of aerial current in ainpert's; 
a; = angular velocity of current vector in radians per second; 

/ = timc in seconds. 


Under these conditions it may be shown that the radiation component of 
the magnetic field, at any point in the ecjuatorial jdane of the aerial, is 
given by: ^ 



( 6 ) 


'The normal development of the equation of radiation field recpiires more mathe¬ 
matical background than the average radio engineer fiossesw^s and it is not thought well 
to introduce it here; a short analysis of the problem is given in Berg’s “Electrical 
Engineering, Advanced Course,” pp. 278 et seq. Eq. (20), p. 289, of that volume is 
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whore A = instantaneous value of magnetic field in gausses; 

/ = height of antenna in centimeters; 

V = velocity of light in cent imeters per second; 
d = distance of point in question from antenna in centimeters. 

Th(i above equation shows that the radiation magnetic field is a function 
similar to the antenna current (in this case a harmonic function), and that 
the phase angle is different for points at different distances since this angle 
is equal to cod/V. Substituting a) = 27r/ and V = we have: 


27rd 

phase angle =-(X being measured in centimeters), 

X 


whence, Kq. (6) becomes: 

h = - 


2^ 

’ lOXd 


( 27rd\ 


m 


Since tlie ‘‘ radiation component of the electric field bears a fixed rela¬ 
tion to th(‘ “ radiation ” conqionent of the magnetic field as given by Eq. 
(o), we may write: 


e = 300;? = 


fiOOTr//,, 

lOXd 



. . ( 8 ) 


where € = instantaneous value of electric fi(‘ld in volts per centimeter. 

From J^qs. (7) and (<S) w(‘ obtain the effective values of the radiation 
components of the (wo fields. Thus, if: 


// = effective value of magnetic field in gausses; 

<L = effective value of electric field in volts per centimeter, 


//- 


27r// 

KM' 


OPOtt// 
lOXd ' 


( 9 ) 

( 10 ) 


where / = effective value of the current in aerial, in amperes. 

]<]qs. (9) and (10) show that the effective value of either field varies 
directly with, the effective value of current in the aerial and with the 
height of the aerial and inversely as the wave length and distance from 
the aerial. 

Now consider the case represented by a loop of wire as shown in Fig. 
17. Assume, similarly to the previous case, that the capacity of the con¬ 
denser, Pi P 2 y is so large as compared with the distributed capacity 

the sjimc as the Eq. (6) given aliove, it being noted that Berg has used h to signifj'^ 
onC'half the length of the oscillator. 
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of the loop CDGF that the latter has the same effective value of current 
throughout its length. 

Consider the magnetic field at a point P at a distance d from vertical 
wire CD and a distance s+d from vertical wire GF. Assume the positive 
direction of current to be as shown by the arrows, l^hen the field at P 
must be equal to the difference of the field due to CD and that due to FG. 

Let /ii = instantaneous value of magnetic field at P due to CD; 
h 2 = instantaneous value of magnetic field at P due to FG 

Then, from Eq. (7) we have 



Kio. 17.—In the case of a coil antenna the magnetic field at F is calculateil hy adding the 
two fields due to CD and FGy it being noted that the currents are opposite in direc¬ 
tion. 


It will be noted that the amplitude of these two ficdds is practically the 
same, since, for great distances, d is practically eciual to d+.s‘, but the 
phases of the fields are different by the amount 


2Trs . 

TT-radians. 

X 


The resultant field (h) is given by: 

2TlIm ( ^ 2Trd\ 2TrlIm ( , 2T(d+s)\ 

lOXd \ X / l()X(d+.s) \ X / 

27rllm\ I , 2i,d\ ( ^ 2w(d+s)\\ 

== —-i cos I 0 )t -I— cos I cot -If 

lOXd I \ X / \ X /J 

—. 03 ) 
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From which the effective values of the resultant magnetic and electric 
fields are given by 


// = 




sin 


ns 


(14) 


12()07r// 

lOXrf 


ns 
sm —. 
X 


(15) 


The vector addition of Hi and Hz by which Eq. (14) is obtained is 
shown in Fig. 18. These equations show that the effective value of the 
resultant field is equal to twice that due to either wire multiplied by the 
sine of an angle which varies with the distance between the two wires. 



Fig. 18 . —The field due to wire CD is shown by vector OA; that due to FG is shoiJV’Ti by 
OB' nearly 180° out of phase with 0.4. The actual field is obtained by adding 
vectorially OB' and O.l, it being noted that they differ in phase by (■w—2xs/X), 


Thus if .s' = X 


and if s = X/2, 


TT.S 

Sin — = 

X 


sin 7r = 0 


ns 1 

sin —= sm - = 1. 
X 2 


It may then be seen that if the distance between the two wires of the 
loop is exactly equal to one wave length, the resultant field at all points in 
the plane of the loop is zero, while if the distance between the two wires is 
one-half a wave length the resultant field in the plane of the loop is equal 
to twice that of one wire. In other words the resultant at any one point 
is due to fields of the same amplitude but different phase, the latter depend¬ 
ing upon the distance between the wires, since in one case the field has to 
travel a greater distance than in the case of the other wire. Thus, if the 
two wires were close together the resultant field at any point would be zero. 
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Again, if a point be chosen such as F, Fig. 19, in a plane perpendic¬ 
ular to the plane of the loop and equidistant from both wires, it is plain 

that the fields at Y due to wires CD and 

o 

Wire C D FG iiiust be 180® out of phase, since they 

,Y have to travel the same distance, and the 
, result is that the resultant field at Y is 


a point Y in the equa¬ 
torial .plane of the coil, equidis¬ 
tant from i)oth wires CD and 
FG the radiation field is zero. 


zero. For points other than those such 
as point 1^ of Fig. 19 and point P of Fig. 
17 the maximum value of the field for a 
certain distance from the aerial varies 
from zero at Y to a maximum at P. 


If a curve were plotted to polar co¬ 
ordinates, showing the effective values of the magnetic field inlensit; 
at all the points around the circumference of a eircle having the hxq' 
as a center, we would obtain a diagram as shown in Fig. 20, the intensity 



Fig. 20.—The distribution of radiation field in the equatorial plane of a coil antenna. 

of the field at any point P along the circumference F^QH being repre.sented 
by the line Oa. It may be easily shown that the intensity of the field 
varies harmonically from zero at points H and R' to maxima at points T 
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and T'y and, therefore, the curves OBC and ODF should be circles with a 
diameter equal to the intensity of the field in the direction TT'. Such a 
loop will, then, radiate most 
energy in the direction TT' in 
the plane of the coil and prac¬ 
tically none in the direction RR\ 

Methods of Producing Cur¬ 
rent in the Antenna. —So far we 
have discussed simple antennas 
energized by means of an alter¬ 
nator placed directly in series 
with the aerial; but it has already 
been stated that an antenna may 
be energized by means other than this one. Thus the diagrams of Figs. 21,22, 
and 23 give various methods of energizing the antenna, all of which methods 
have already been studied. Fig. 21 shows the alternator inductively 

coupled to the antenna circuit, instead 
of having the alternator directly in the 
antenna circuit. This has the advan¬ 
tage of eliminating some of the harmon¬ 
ics of the alternator, so that the current 
in the antenna is nearly sinusoidal. 
It is to be noted that instead of a high- 
frequency alternator, a tube generator 
or a Poulsen arc may be used, and, in 
every case the antenna current will be 
nearly harmonic and undamped. 

On the other hand, the arrangements of Figs. 22 and 23 are meant 
to produce trains of damped currents in the antenna. In Fig. 22 
the spark gap is directly in the antenna, while in Fig. 23 the spark 
gap is placed in the so-called 
closed oscillating circuit. 

The disadvantage of plac¬ 
ing the spark gap directly in 
the antenna is due to the 
fact that such a gap has con¬ 
siderable resistance, especially 
in the case of high-powered, 
high-voltage sets where the 
gap distance must be large, 
and when so used will make 
the decrement of the antenna proper very high, which is objection¬ 
able. Hence, with very few exceptions, i.e., low-power sets, all modern 



Audio 
) frequency 
alternator 


Fig. 23. —Ordinary scheme of excitation for 
spark telegraphy. 



Audio 
> frequency 


MO. 22.- Simplest scheme for spark 
telegraphy excitation. 



Fig. 21.—Excitation of antenna by mag¬ 
netic coupling to generator. 
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sets place the spark gap in the closed oscillating circuit, instead of in 
the antenna. 

The methods outlined above are only typical, and there are several 
other ways of energizing the antenna, which have already been taken up 
in Chapters IV, VI and VIII. 

Various Types of Antennas.—It was stated on p. 881 that if a single 



Fia. 24.—Umbrella antenna. 


vertical wire be used for an antenna the effective value of current at the 
base of the wire will he maximum, while at the top it will be zero. Since, 
the intensity of the field radiated by an antenna is directly proportional to 
the current therein (on the basis of a constant current throughout the 
antenna) it is plain that a single vertical wire with non-unifonn current 



Fio. 25.—Antenna of the T tyfMj. 

will not radiate as well as if it had a capacity at the top end, when the ciur* 
rent would be more nearly uniform, and also larger, for a given voltage 
impressed by the power source. Such a capacity is used at the top end 
of an antenna in actual practice, the capacity being in the form of wires 
stretching outward from the antenna proper. Depending on how these 
wires are arranged we have several types of antennas, known, as: umbrella, 
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T-type, inverted L-type, “ Fan or Harp ” type, “ Multiple-tuned ” type, 
“ Coil ” type, and Wave-antenna type. 

These various types are shown in the conventional diagrams of Figs. 
24-29, respectively. 



Fia. 26.—Antenna of the inverted L type. 


The characteristics of these various types of antennas will now be 
discussed. 

Umbrella Type .—Since the top wires are symmetrically arranged 
all around the central radiator it is easily inferred that at a given distance 


from the aerial the intensity of the 
same, that is, the curve of distribution 
of field intensity around the radiator 
should be a circle. It must be noted 
that, while in the case of a single 



field all around the radiator is the 



Fig. 28.—Coil antenna. 


wire or of a Hertzian double (Fig. 1, p. 867) for a radiator, vertical wires 
only are used to radiate energy, in the inverted L-type aerial the horizontal 
top wires radiate a certain amount of energy in the direction perpendicular 
to the wires themselves. Thus, while in the former case we would likely find 
the intensity of the field directly over the top of the antenna practically mf, 
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in the latter case (the inverted L-antenna) the field directly over the top 
might be of considerable strength and is successfully used to signal to 
aeroplanes, even though they be directly over the antenna. 

On the other hand, the top spreaders of an umbrella-type antenna 
subtract, to a certain extent, from the radiating ability of the central 



Multiole tuned untenaa 


Fig. 29.—Multiple-tuned antenna. 

vertical wire, for the following reason. We have already stated that the 
ability of the vertical wire or wires as a radiator of energy depends upon 
the fact that in view of its very configuration it is capable of setting up a 
field, magnetic and electric, which extends to very great distances from the 
wire and is not mainly confined to a space near the wire; thus we have 
seen that in the case of the two-plate conden.ser of Fig. 8 the energy stored 

in the electric field is mainly in 
Vmbrclla antenna with the space between the plates, 
which constitute a “closed elec¬ 
tric circuit.” If we were to 
imagine an umbrella aerial with 
a very large number of spreaders 
reaching nejw'ly to ground, as 
shown in Fig. 30, it is plain that 
these spreaders would act like 

Fig. 30.—Umbrella antenna of this form is a plate, and the ground like 

poor radiator; the spreaders come too low. the other plate, of a closed elec- 

. trie circuit, and practically no 
energy could then be radiated because the electric field of the antenna 
would, for the most part, be confined in the space under the spreaders, 
and there would be little likelihood of any energy being detached 
from the antenna. The radiation from such an arrangement would of 
course, be very small. In an actual umbrella-type antenna the spreaders 
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do not reach to anywhere near ground, hence they do not seriously inter¬ 
fere with the radiation, though they do so to a certain extent. 

Another reason for the spreaders interfering with radiation is to be 
found in the fact that, at any time, the direction of the current flowing 
through the vertical wire is opposite to that flowing in the spreaders; 
that is, if the current in the vertical wire is upward that in the spreaders 
is downward. In the extreme case where the spreaders might be con¬ 
sidered as being close to the vertical wire, as in Fig. 31, the portion of the 
vertical wire AB would be seriously limited in its 
radiating action, since the action of the current 
in the vertical wire is opposed by that of the 
spreaders. 

However, with spreaders as generally arranged, 
the total interference with radiation from the 
vertical wire is less than what the spreaders 
contribute towards increasing the radiation 
through cau.sing a more uniform current and, 
for the sanu^ voltage, a larger current, to flow 
through the vertical wire. Several large an¬ 
tennas of this type have Ix'en used for long¬ 
distance transmission. In the smaller sizes 
they are very convenient for portable sets 
where the spreaders, anchored through insulat¬ 
ing clamps to the ground, serve the purpose 
of holding the central support, in addition to 
increasing the capacity at the top end of the 
vertical wire. 

The effect of the spreaders may be looked 
upon as if the height of the vertical wire had 
been diminished and it may be shown that the “ effective height ’’ of 
an umbrella antenna is approximately given by 

= , 

where h = effect ive height; 

hi and /i 2 = the heights as represented in Fig. 24. 

Fig. 32 shows the arrangement of spreaders, vertical wire and vertical 
support, insulation, etc., for a small umbrella aerial, where aaabhh repre¬ 
sent insulators and cd the vertical radiating wire. The spreaders are 
generally made long enough to extend about two-thirds the length of the 
mast. A large piece of wire netting (called a ground mat) may serve 
as a counterpoise for the oscillating system. 



Fig. 31.—If the spreader 
wires are brought down 
very close to the an¬ 
tenna proj)er the radia¬ 
tion is practically zero. 
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« j! yj fyp ^—Since the top wires are on this type unsymmetrically 
arranged, i.e., extending outward from the vertical wire in two directions 
only, it would seem at first as if the field produced by such an aerial would 
not be quite the same all around the antenna. This is probably the case 

at comparatively short dis¬ 
tances from the aerial, 
but it is not found to be 
so at large distances away, 
in view of the tendency 
of the field to become uni¬ 
form as it spreads out in all 
directions away from the 
aerial. 

Here, as in the case of 
the umbrella type, some 
energy is also radiated in 
a direction directly above 
the antenna. Antennas of 
this type are very widely 
used on shipboard where 
the flat top is easily sus¬ 
pended between two masts; also for portable sets an aerial of this typo is 
easily suspended between two trees. 

Inverted “ L Type .—The main difference between this type and the 

“ T type is that the L '' type has a more pronounced directional effect. 



Fig. 32.—Showing construction of a small portable 
umbrella antenna; a-a-a-, h-6-6-, etc., are insu¬ 
lators. To get a fair “ground" a net of cop{)cr 
ynres is generally spread out underneath the an¬ 
tenna, the lower side of the generator being con¬ 
nected to this. 


C 


B 


Inverted "L" ia somewhat directive 


Maximum 

radiation 




Fig. 33.—An inverted L antenna is somewhat directional giving maximum radiation 
in the direction shown above. 


that is, it is capable of producing a greater intensity of radiation in one 
direction than in any other. This action, in the case of the L antenna, 
is not yet very fully understood and it is by some stated to be too small 
to actually claim for this type of antenna directional ability. However, 
this type of antenna has been used by the Marconi Co. for the large trans- 
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atlantic stations and has actually been found to develop, even at consider¬ 
able distance from it, a field stronger in the direction of the arrow. Fig 33, 
than in any other. This effect depends especially upon the length of the 
flat top, BCj as compared with the vertical wire AB. The longer BC is made 
relative to AB the greater seems to be the directional effect of the antenna. 
It is probable that this is due to an interfering action of some sort, between 
the currents in the vertical and horizontal portions of the antenna, which 
occurs on one side of the antenna to a much greater extent than on the 
other. This would, of course, take place to a greater extent the larger 
the horizontal portion of the aerial relative to the vertical portion. The 
Clifden station of the Marconi Co. has a vertical portion about 60 meters 
high and a horizontal portion about 2000 meters long; it is said to have 
a large directional effect. In ‘‘ L type aerials as used on board ships, 
however, the horizontal portion is never very much longer than the verti¬ 
cal portion and it is doubtful if in this case any appreciable directional 
effect is present, even at short distances from the aerial. 

A directional effect is noted in the case 
of aeroplanes carrying a long vertical wire 
weighted at one end and dangling beneath 
the aeroplane proper; this wire, when the 
aeroplane is in flight, bends somewhat 
as shown in Fig. 34 and very much in the 
form of an inverted aerial. The 

greatest field intensity is in the direction 
of flight or away from the horizontal por¬ 
tion of the aerial; in this case the frame¬ 
work of the plane is the counterpoise. 

Not only are inverted L aerials used in large transatlantic stations 
but they are also favorites on board ships, where they are as easily installed 
as the “ T ” type. They are also widely used for small stations and by 
amateurs. When used on board ships it is customary to install them 
where the distance between the masts does not exceed about 30 meters; 
for over 30 meters the “ T type is used. 

“ Fan Type ” Aerial .—In this case a large number of vertical or nearly 
vertical wires in multiple are used, the top ends of these wires being 
perhaps free, that is, not connected electrically to any other wires. In 
such an arrangement the effective value of the current at the base of each 
wire is a maximum while it is zero at the top, or, in other words the cur¬ 
rent distribution is very far from uniform, and in this respect the arrange¬ 
ment is objectionable. On the other hand, the capacitance of the aerial 
is very large, in view of the capacitance of so many wires connected in 
multiple; in fact the whole arrangement may be thought of as a single 
wire having a capacity equal to that of all the wires. The current through 



Fig. 34.—An aeroplane antenna is 
directional, sending out most 
power in the direction of flight. 
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the combination of all the wires may, because of the large capacity, be 
made very large without excessively high voltages. Another advantage 
of this type of aerial as compared with the others previously discussed 
is that there are no horizontal or inclined wires to interfere with the radi¬ 
ation from the vertical wire. As a matter of fact such an arrangement is 
considered one of the best and most efficient radiators. In spite of this, 
however, the fan type is not very widely used because of the difficulty of 
installing it, especially in the case of ships where such a multitude of ver¬ 
tical wires would be in the way of some of the projecting parts of the ship. 

^‘Multiple-tuned'^ Type .—This type of antenna is of great value 
when the location of the radio station has been determined by reasons 
other than the electrical behavior of the antenna. Thus if the antenna is 
in swampy country no trouble is experienced in getting a good ground, but 
when the station is located on the top of a huge sand bank (as is the 
case with one of America’s large stations) then the ground resistance of 
the antenna becomes of paramount importance. 

Sand pennits water to run off immediately after a rain and this action 
carries off all soluble matter. Thus the top of the sand bank is dry and 
highly insulating, in fact it may be 500 times the resistance of a salt marsh 
ground, such as is available near the seashore. In such a location most 
of the station power will be used in warming up the sand unless special 
precautions are observed. By grounding the antenna at many points the 
ground resistance is diminished according to the number used and thus 
the multiple-grounded antenna tends to nullify the bad effects of a poor 
location. Such an antenna consists, as shown in the diagram, Fig. 29, of 
a horizontal top similar to the top of “ T antenna, fed at one end by 
means of the alternator A connected in series with the tuning inductance 
Li, and the vertical wire B\C\y and in addition, of a number of vertical 
wires attached to the horizontal top at suitable points and each separately 
connected to ground through a tuning imluctance. The result of this is 
that each of the vertical wires acts as a vertical antenna, the whole arrange¬ 
ment constituting a number of vertical antennas connected in multiple, 
and hence radiating as if they were a single antenna. The advantage 
lies in the fact that, since each vertical wire is independently connected 
to ground, it follows that all the ground resistances are connected in 
multiple, and hence the total ground resistance is very much less than 
would be found to be the case with any other type of antenna of the same 
power capacity, thus giving a very high efficiency.^ 

' It must be pointed out here that the radiation resistance of each vertical wire of 
the multiple-tuned antenna cannot be calculated as though the wire stood alone, using 
e.g. Eq. (21), p. 912. The presence of the other vertical wires, also carrying current, 
will affect this radiation resistance, the amount of this effect depending upon the prox¬ 
imity of the various vertical wires, and upon the relative phases of their currents. 
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Of course it is hardly necessary to mention that the phases of the 
currents must be adjusted so that all the vertical wires will be radiating 
in phase with one another in order to obtain maximum radiation; the 
tuning coils Li, L 2 , . . . L 5 are used for the purpose of making this 
adjustment. 

On the other hand, if the vertical wires be suitably spaced and 
if, in addition, the phases of their currents be suitably adjusted, it is 
possible by means of this type of antenna to obtain greater radiation in 
one direction than in another, thus producing directional transmission. 
Thus, in the case of the multiple-tuned antenna the intensity of the radiated 
field at any point is the resultant of the fields due to each of the vertical 
wires and, if suitably designed and adjusted, the resultant field in certain 
directions may be made a minimum and in others a maximum, thus pro¬ 
ducing a directional effect.’ 

An elementary analysis shows the normal operation of this antenna 
to be slightly directive, the maximum radiation taking place at right 
angles to the length of the antenna. If directive radiation is obtained by 
phase shifting in the different vertical wires, the radiation resistance of 
the antenna as a whole falls to a small fraction of its normal value. 

“ Coil Antenna .’'—This has already been discussed on p. 886, where 
it was shown that such an aerial has a very decided directional effect, 
and that the intensity of the field in the plane of the coil, where it is a 
maximum, is a function of the distance between the two vertical sides 
of the coil and is greatest when this distance is equal to one-half a wave 
length. A comparison may here be made of the single vertical wire 
with uniform current throughout and of the coil antenna with uniform 
current throughout. Thus, from Kqs. (9) and (14) on pp. 883-885 for 
the effective values of the intensity of the magnetic field at any distance 
from antenna we have: 
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for single wire 
and 
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for coil of one turn. Of course, if the coil aerial has more turns than 
one the intensity of the field is directly proportional to the number of turns, 
provided that the current is uniform throughout. 

* See paper by E. F. W. Alexanderson, “Transatlantic Radio (Communication,” 
Proc. A.I.E.E., Oct., 1919. In reading this paper the student should betir in mind that 
the quantitative results predicted (magnitudes of currents, etc.) do not hold good for 
the transient state which, in an antenna of this kind, may be a large fraction of the dura¬ 
tion of a “dot.” 
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If A^=number of turns 




AttNII . TTS 


lOXd 


smp 


(14a) 


for coil of N turns. 

If If If X, and d are the same for the two types of antennas we may 
obtain the ratio of the magnetic fields due to the coil and to the single 
wire by dividing (14a) by (9). Thus 

Ratio of field of coil to that of single wire 


= 2N sin —. 
X 


In order to make the two fields the same we must have 


or 


TTS 1 

X 


5 = - Sin 


1 


T 2N' 

Below is given a table shown the value of s for different values of N, 


TABLE I 

Distance between sides of a coil aerial of the same heij^ht as a corresponding single 
vertical wire aerial neccvssary to make the fields from the two aerijils alike. 


N 

» 

N 

9 

1 

0 17 X 

5 

0 032 X 

2 

0 08 \ 

10 

0 OlOX 

3 

0 053 X 

100 

O.OOlOX 


It is understood that the coil aerial field has, in the above discussion, 
been considered, which exists in the plane of the coil, i.e., the plane of 
maximum field intensity. The above table shows that for a single-turn 
coil aerial the width must be as large as 0.17X in order for it to have an 
effect equivalent to that of a single wire of the same height. But with 
a larger N the width may be made much smaller, so that with 100 turns 
the width need only be a few meters, even with large wave lengths. 
However, with a large number of turns the question of the capacity 
between turns and the effective resistance of the coil plays an impor¬ 
tant part. 
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If the capacity from turn to turn is large (i.e., the turns close together) 
the current will not be uniform throughout, and, furthermore, the phase 
of the current at every point will be different, a condition which is not 
conducive to best results as regards radiation. Hence the turns should 
be separated by a considerable distance from one another. This may be 
stated by saying that the capacity of the coil itself should be such as 
to make the fundamental wave length of the coil no larger than about 
one-third of the wave length to be used. The effective resistance of the 
coil antenna is taken up on p. 910 of this chapter. 

As examples of coil antennas which seem satisfactory for receiving 
purposes it may be noted that for a 600-meter wave a square coil, 120 
cm. on a side, of 10 turns, spaced about 0.5 cm. from each other, requires 
a tuning condenser somewhat less than 0.001 ju/* 

By installing the coil (or 
loop as it is more frequently 
called) as indicated in Fig. 35, 
it may be used with the D. F. 

D. T. switch down, for general 
reception, the loop merely act¬ 
ing as a low antenna, tuning 
being accomplished by the 
variometer, L. When the de¬ 
sired signal is received the 
switch may be thrown upwards 
and the directive effect of the 
coil thus be obtained. 

For wave lengths from 
10 ,000-20,000 meters a square 
coil, about 6 meters on a side 
with 50 turns spaced 4 cm. 
apart, is suitable. 

Because of the comparatively low receptive power of loop antennas 
the receiver used must be the most sensitive available; the use of such a 
detector with a good amplifier is possible because of the comparatively low 
intensity of the ‘‘ strays picked up by a loop. 

Aeroplane and Airship Antennas. —The aerial system of aircraft comes 
nearest to approximating the conditions represented by the simple aerial 
system of the Hertzian double (see Fig. 1), in so far as the counterpoise 
is not the ground, and furthermore the antenna and counterpoise are 
at considerable distance from the ground, so that the electromagnetic 
waves generated by such a radiating system travel outward in space 
without coming in contact with the ground except at considerable distance 
from the radiating system. 



Fig. 35. —Use of a coil receiving antenna; by 
throwing the switch down the coil acts as a 
simple antenna, the coil L being used for 
tuning. When it is desired to get the direc¬ 
tional effect of the coil the switch is thrown 
up. 
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The various types of radiating systems used may be classified into 
two general headings: 

(1) Those which may be used only when the ship is in flight. 

(2) Those which may be used at any time whether the ship is in 

flight or not. 


The first class includes by far the most effective type of aircraft aerial; 
in this case the aerial is a trailing wire dangling from the aircraft while 
the counterpoise consists of all the metal parts of the craft electrically con¬ 
nected together. The trailing wire is made up of a length of phosphor 
bronze or silver bronze wire ranging between 150 and 300 feet with a 
weight attached at its free end dangling from the aircraft somewhat as 
shown in Fig. 34. The transmitting or receiving apparatus is connected 
between the trailing antenna wire and the metal parts of the craft which, 
as already stated, form the counterpoise; this is schematically shown in 
Fig. 36; when the aircraft approaches ground the aerial wire is reeled in, 




All metal work 
|of ship, carefully 
connected to¬ 
gether 


Keceivins: or 
transmitting set 


Trailing 

wire 


the reeling-in apparatus 
being operated by hand 
or by a small electric 
motor. 

Such an arrangement 
as the one above described 
has been used with success 
on practically all types of 
aircraft, including lighter- 
than-air ships. Its only 
disadvantage seems to lie 
in the fact that in the case 
of a forced landing, and, 
more especially, in the 
case of an aiToplane being 
compelled to dive or to “ loop-the-loop the presence of the trailing 
antenna wire might prove disastrous unle.ss it were reeled in very quickly. 
Again, it may be easily understood that such an arrangement cannot 
be used unless the aeroplane is in flight. 

The second class of aircraft aerials comprises various types which 
enable signals to be .sent out or received even while the craft is on the 
ground. The following tyf)es have be^n used; 


J Weight 
Fig. 36.—Arrangement 


of apparatus on .aeroplane 
antennas. 


(а) Skid-fin aerials for aeroplanes. 

(б) Coil aerials for aeroplanes. 

(c) T-antenna for airships. 


(a) The skid-fin antenna is nothing more than an inverted '' L-antenna ” 
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the top of which is mounted a few feet above the uppermost plane and 
covers in length and width practically the entire wing, somewhat as shown 
by ABCD in Fig. 37, where the wire DF is the leading-in wire and connects 
directly to the transmitter or receiver; the counterpoise consists as usual 
of all the metal parts electrically connected together. Such an antenna 
has been extensively used by U. S. Navy aeroplanes. It must be under¬ 
stood that because neither the length of the leading-in wire nor that of the 
top wires can be made 
very large, as also be¬ 
cause of the small sepa¬ 
ration between the an¬ 
tenna proper and the 
counterpoise the aerial is 
not a very good radiator, 
and, in general, aircraft 
carrying a skid-fin antenna 
also carry a trailing wire 
antenna. It may be said, 
in a general way, that 
the transmitting range of 
a skid-fin antenna is about 
one-half that of a dangling 
wire antenna for the same aircraft and transmitting apparatus. 

When the metal work of a ship is used for counterpoise it must be 
all very carefully bonded together, otherwise .sparks may occur, when 
transmitting, which are, of course, an unnecessary fire risk. 



Fia. 38.—Coil-tyi)e iintenna installed between the wings of an aeroplane: the coil side^ 
are placed behind the struts between the wings. 



In another type the antenna wires are strung along the back of the wing 
and from wing tips to tail. 

(b) Coil aerials have been used more especially for receiving purposes, 
in view of their ability to detect the direction from which the waves may 
be coming. They are made up of several turns and of such dimensions 
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as will enable them to fit in between the two wings of a biplane, some¬ 
what as shown diagrammatically by B, Fig. 38. In this case no counter¬ 
poise is necessary. When the coil is used as a transmitter the greatest 
radiated field will be in the plane of the coil, similarly if the coil is used 
for receiving it will respond most vigorously to signals coming from the 
direction of A or C, In order to either send or receive in certain direc¬ 
tions the coil may be rotated or else the aeroplane itself may be veered 



Fia. 39.—In a dirigible balloon a T-type antenna is useil, the counterpoise consisting of 
all the metal work around the engines, etc. 


around until the plane of the coil points in the desired direction. In 
order to avoid either one or the other of these operations another coil 
may be used with its plane at right angles to the first, in which case the 
operator need do no more than move small coils within his easy reach; 
this will be more fully explained later, in the section on direction finders, 
p. 944. 

The range of transmission of coil antennas is small, but they are used 

for receiving from very great 
distances. Some aeroplanes 
carry a trailing wire for long¬ 
distance transmission while in 
flight, a skid-fin antenna while 
stationary, and a coil aerial for 
directional reception. 

(r) The T-aerial for air¬ 
ships is schematically illustrated 
in Fig. 39, where AB is the leading-in wire and CD the top of the T.” 
The counterpoise consists of the metal parts of the suspended car, including 
engine, etc. Such an antenna has practically the same transmitting charac¬ 
teristics as a T antenna of the same dimensions used on the ground; 
and because the wire AB quite long and the wires CD may be made 
very long as well, the range of the antenna is comparatively large. If 
need hardly be stated that the construction of such an aerial is such as 


Antenna 



Fig. 40.—More recently aeroplanes u.se a short 
stream-lined rod, about 8 ft. high, as their 
antenna. 
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Fig. 41.- 


-Arrangement of loop antenna in a sub¬ 
marine. 


to permit it to be used with equal effectiveness whether the airship is in 
flight or not, and is a great improvement over the trailing-wire antenna at 
first used on such ships. Care must, of course, be observed regarding the 
fire risk of the installation. 

(d) More recently a short, rigid metal pole (stream lined) has been 
used on aeroplanes, especially when the radio receiver is to be used for 
direction finding, by means of 
radio beacons. Such an an¬ 
tenna is shown in Fig. 40. 

Still more recently it has 
been found that a low T an¬ 
tenna, of symmetrical design, 
is as satisfactory as the pole 
in so far as signal reception is 
concerned, and better mechan¬ 
ically. A symmetrical T an¬ 
tenna having a top wire ex¬ 
tending 15 ft. either side of the fuselage, to the wing tips, and 12 
inches above the wing surface, with a 12-inch vertical lead-in, gave slightly 
better reception than a 5-foot vertical pole. 

A symmetrical T arranged above and along the fuselage, having the 
lead-in half way between front and back of the aeroplane, is just as good 
as the transverse one and offers less wind resistance. The radio receiver 

in this case, however, must 
be located midway along the 
fuselage. To keep these T 
antennas free from directional 
errors, the lead-in wire must 
be at the center, and vertical.^ 
Underwater Antennas.— 
The problem of underwater 
antennas is especially impor¬ 
tant in connection with sub¬ 
marines. Up to a few years 
ago communication by radio 
with a submarine, while sub¬ 
merged, was considered very 
unsatisfactory, because use was being made of antennas similar to 
ground antennas such as the “ T type or inverted T antennas, 

even if made of heavily insulated wire, are more or less likely to be 
short-circuited by the water (particularly salt water) more especially 

* “Characteristics of Airplane Antennas for Radio Range Beacon Reception,” 
Diamond and Davies, I.R.E., Feb., 1932, p. 346. 


C' c 


D' 






Fig. 42.—Electrical circuit of the installation 
of Fig. 41. 
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because, as will be more fully discussed on p. 931, the highest potential 
is, when transmitting with such antennas, present at the very end of 
the wires, where it is most difficult to guard against the short-circuiting 
effect of the water. Aside from these considerations which are not, 
however, so very serious when using the antenna for receiving purposes, 
the more serious handicap was the fact that such an antenna projects 
too far above the topmost part of a submarine, even above the periscope 
and made it necessary for the submarines to submerge more deeply than 
would otherwise have been the case or else to use a short, ineffective 
antenna. 

Real progress was made in submarine radio transmission by the intro¬ 
duction of the loop antenna; in the application to submarine work the 
loop is made up somewhat as shown in Fig. 41. The wires A BCD and 
QNML are grounded at A and Q, and insulated from the boat everywhere 

else. Thus the loop may be diagram- 
mat ically represented as in Fig. 42, 
which should be compared with the dia¬ 
gram of the simple loop discussed on p. 
884, and reproduced in Fig. 43 for the 
sake of convenience. 

In the simple loop the wires FG 
and F'G' radiate most effectively when 
the distance between them is one-half a 
wave length and the strongest field is 
produced by the loop in its own plane. 
Similarly in the case of the submarine 
loop the wires AB and A'B^ are the 
radiators while CD and C'D' radiate 
very little energy since they are very 
close together and the fields created by them practically neutralize each 
other; of course the best distance between AB and A'B' is one-half a 
wave length, and, again, as in the simple loop, the submarine loop will 
radiate best in its own plane. 

Another arrangement used for submarines is a coil antenna consisting 
of a large number of turns and enclosed in water-tight container which 
is supported above the deck of the submarine. The dimensions of such 
a coil are necessarily small (perhaps one meter square), and its effec¬ 
tiveness as a transmitter is consequently low, but it has been used to 
receive from very great distances with considerable success. 

A word should here be said regarding the transmission of electro¬ 
magnetic waves in water. It has already been pointed out in Chapter II 
that electromagnetic waves may be transmitted through any medium to 
more or less extent depending more especially upon the electrical conduc- 



Fig. 43.—A.s wires CD and C'D' of 
Fig. 42 radiate no appreciable 
power this arrangement is equiva¬ 
lent to the single-turn coil here 
shown; wire AD corresponding to 
FG and A'B' to F'C'.*. 
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tivity of the medium. An electromagnetic wave will, on striking a wall of 
ordinary conducting material, be partly reflected and partly absorbed in 
the production of currents in the material, so that practically no electro¬ 
magnetic field would be found at even a small depth below the surface 
of the material. On the other hand, if the material is, as in the case of 
salt water, only a partial conductor, the electromagnetic waves are able 
to penetrate into it for considerable distance before the energy rep¬ 
resented by them is completely absorbed by currents produced in the 
water. It is a well-known fact that the greater the frequency (the 
smaller the wave length) of a magnetic or electric field the smaller is 
the depth to which it will penetrate into a conducting or semi-conducting 
medium; therefore, in the case of electromagnetic waves in water, the 
extent to which they penetrate below the surface is very much dependent 
upon the wave length. 

The equation for penetration of an el(‘ctromagnetic wave into a con¬ 
ducting medium was given on p. 168. Although there given as the pene¬ 
tration of a current the same formula holds if written to express either 
electric or magnetic fields, ''riius we may write 

//, = //„ .(15) 

in which //o = intensity of magnetic fi(‘ld, of the electromagnetic wave, just 
at the surface of tlu' ocean; 

II I = intensity of magiu'tic fi(‘ld x ccuitimeters below surface; 

CO = 27r XfrcHiiu'iicy; 

/i = perni(‘al)ility of sea water = unity; 

p = resistivity of sea wat(‘r in abohms per cubic centimeter = 
approximat(‘lv 10*'. 

If we assume a signal (ktectabU' if IIj, is only 1 per cent of //o, then 
the depth at which the signal should be detectable is obtained from 

p)-^ = 0.01. 

For a wave length of 10,()()() meters the value of x calculated from 
this relation is about 1500 cm. or 15 meters. 

As an example of the effect of wave length it has been stated that 
signals have Ix'en received by submarines with loop antennas with the 
top of the loop 16 feet below the surface of the water at a wave length 
of 6000 meters and 200 miles from the transmitting station, while for 
a wave length of 2500 meters and the same distance signals could only 
be heard with the top of the loop 8 feet below the surface of water. 

If we assume that the loop was such that the “ mean depth was 
5 feet lower than the top of the loop, so that in one case the effective 
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depth was 21 feet in the first case and 13 feet in the other the experimental 
results agree very well with those predicted from Eq. (15). Thus we have 


feooo 13 

\-X—= 0.96. 

>'2500 21 


Again, in case the submarine is transmitting while submerged, the 
transmitting range is very small because the electromagnetic waves are 
practically entirely absorbed in their passage through the water and issue 
therefrom with very feeble strength. Thus, it has been found that a 
submarine when submerged so that its loop antenna was only a few inches 
below the surface could only transmit to a distance of about 9 miles with 
a wave length of about 300 meters and an antenna current of 6 amperes 
while it could transmit 50 miles or more when on the surface. Probably 
better transmission through the water would be expected if the wave 
length were much larger (10,000 or more meters); but a large wave length 
implies an antenna of dimensions too large to be carried by a submarine. 

It is to be remembered that the question of reflection at the surface 
of the water is to be considered when analyzing communication possi¬ 
bilities from a surface station to a submerged boat, or vice versa; this 
has not been attempted here. It may generally bo stated that the present 
state of the art does not permit a submerged submarine to transmit to 
any greater distances than about 10 to 20 miles, while, on the other hand, 
enabling it to receive from almost any distance provided it is not too 
deeply submerged. 

It has been found possible to send radio signals to trains when they 
were in long tunnels, a hundred feet underground. 

Wave Antenna. —It has been found that for the reception of long-wave 
telegraph signals a long, low win^ is more advantageous than a high one. 
The ratio of signal to disturbance is great(*r with the low one and this ratio 
is a true measure, in general, of the utility of an antenna. 

For transoceanic signals an antenna several mil(‘s long is used, supported 
on insulators a few feet from the ground. It is laid in line between the 
receiving and transmitting stations and the receiving apparatus is placed 
between the antenna and ground at the end more distant from the trans¬ 
mitter. The other end is grounded through a n'sistance equal to the 
“ surge resistance of the line. It will be evident at once that these 
long horizontal ant(*nnas abstract energy from the radio wave only as a 
result of the inclined w^ave front. If tlu; electric field component of the 
wave were perpendicular to the earth\s surface (i.e.: vert ical) the wave as it 
traveled along the horizontal antenna would induce no voltage in it. '^I'he 
theory of behavior of this antenna has been thoroughly analyzed by Bever¬ 
age, Rice, and Kellogg.' 

' See Journal A.I.E.E., March, 1923, and subsequent issues. 
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Antenna Design. —An antenna should be designed and built according 
to the purpose intended. In general the antenna of a broadcasting station 
for example, should not be in, or too close to, a large city but perhaps 
10-25 miles distant. An antenna for transoceanic communication should 
generally be in a swampy location near the ocean. For short-wave trans¬ 
mission the ground conditions are of little consequence, as a counterpoise 
rather than a ground connection is generally used. The height is deter¬ 
mined primarily from economic considerations, the cost increasing greatly 
above a certain height.^ 

Law of Radiation of Power from an Antenna.^ —Upon consulting the 
literature there will b(‘ found many formulas which are supposed to give 
the power radiated from an antenna, in terms of the height, wave length, 
etc., but in general th(*y do not agree, and it is difficult to appreciate the 
derivation of some of them. The simple derivation given below yields a 
result different from those given by accepted authorities, but it probably 
represents the true state of affairs as well as any of them. 

Practically all analyses start from the theory of the Hertzian doublet, 
supposedly modifying it properly to make it apply to the grounded antenna. 
In some derivations the amplitude of the current in the antenna is supposed 
constant (i.e., the effective value of the current the same at the top of 
the antenna as at the grounded end), and in others the amplitude is sup¬ 
posed to vary in some prescrilx'd manner. Some formulas use as the 
height of the antenna the actual height and others use a certain “ effective 
height,^’ measured to the ‘‘center of gravity of the capacity of the 
antenna. 

We shall consider the energy per cubic centimeter at a point P (Fig. 44), 
in the equatorial plane on the oscillator and distant from it several wave 
lengths, so far that the induction field is negligible. Our first assumption is 
that the effective value of the amplitude of the current in the vertical part 
of the antenna is at all points the same; this is nearly true for the ordinary 
antenna, in which the capacity of the vertical wire is small compared to 
the capacity of the network of wires generally used for the top of the 
antenna. This assumption will give us a radiation somewhat greater 
than the true value. The next assumption we make is that the actual 
height of the antenna, /, represents the distance between the positive 
and negative charges of the antenna, the flow of which causes the antenna 
current /. In case of a ship antenna the height I is from the water to 

^ For a Roneral review of antenna design and eonstruetion tlie reader is referred to 
an article by Lindenblad and Brown, Proc. l.R.E. for June, 192(). For a general treat¬ 
ment of the electrical behjivior of an antenna set^ article by Bennett in Jour. A.I.E.E., 
Nov. and Dec., 1020. 

* For a thorough mathematical discussion, see Pierce, “Electric Oscillations and 
Electric Waves.” 
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the top of the antenna. In case of a land antenna, with possibly a poor 
ground, it is likely that the average distance between the charges of the 
antenna is greater than the distance from the top of the antenna to the 
ground, so that it might seem that in this case we should take a distance 


Top wires of antenna 


Equatorial plane 
--tZ- 


Earth 

Fig. 44.- The enor^y radiated from an antenna is to be cal<*iilatcd from the lawgiving 
the strength of magnetie fitdd at l\ iri terms of the antenna constants. 


greater than the actual height, if the theory of the doublet is to be appli- 
cabl(*. 

This is indicated in h ig. 45; it may be, for such a ground condition, 
that the distance /' (average (iistanc(‘ between charges) is considerably 

greater than /. We 
shall iK'glect this extni 
height (/' — /), how¬ 
ever, as it is not only 
indeterminable, but it 
contri})ut(\s but little 
to the radiation reach¬ 
ing the distant point, 
P\ the electromag¬ 
netic energy sent off 
from this subterranean 
part of the antenna 
could only reach P by 
traveling through the 
(‘arth’s crust, in which 
case the attenuation 
is so rapid that the 
amount of energy arriving at P by this path will be negligible compared 
to that reaching P from that part of the antenna specified by the height /. 

We shall therefore assume that Rep (9) p. 888 represents accurately 
the radiation field at point P, the symbols having the definite meaning 
given below. 

27r//m 



Fig. 45.—In an actual antenna there is undoubtedly a ver¬ 
tical motion of the charge.s in the earth umler the an¬ 
tenna; thi.s subterranean current will (rontribute prac¬ 
tically no radiation at distance f)oint.H because; of 
absorption in the earth’s surface. 
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in which //n» = maximum value of magnetic field at P, in gilberts per centi¬ 
meter; 

Z = actual height of antenna, in centimeters, from ground to 
top, for flat-topped antenna; 

/,n = maximum value of current (in amperes) in antenna, this 
value being assumed the samci throughout the height of 
the antenna; 

X = wave length radiated, in centimeters; 

d = distance from antenna to point P, in centimeters. 

Now the encTgy per cubic centimeter at P, duo to this magnetic field, 
is equal to and as th(‘ (‘l(‘ctric fi(‘ld set up at P by this moving 

magnetic field must be of such magnitude that it represents the same 
energy px^r cubic c(‘ntim(‘t(‘r as tliat possessed ])y the magnetic field, the 
total energy per cubic centimeter (maximum value) must be //^^/47r. As 
the electromagnetic wave travels past point P with the velocity of light, 
the electric and magnetic fields at this point both go through sinusoidal 
variations, so that the average value of the (meTgy per cubic centimeter, 
in terms of the maximum value of magn(‘tic intensity, must be equal to 
one-half of the maximum (mergy, or 

If we now consid(T the effective value of the magnetic field at the point 
Pj we have (as //„,“ = 2//^', // being the effective value) the average energy 
of the radiation field at P ecjual to IP/Airy the energy being in ergs per 
cubic centimeter. 

This energy of radiation travels past point P with the velocity of 
light, V, so that the energy streaming past P per square centimeter (plane 
of the square centimeter being {xa'pendicular to distance d) per second is 
equal to IPV/\tt. losing now Ixp (9) to express 11 and substituting I 
(effective current) for /„<, we get 

lOnergy, in (’rgs, per stpiare centimeter per second 

/27r//Y V irPl-V 

“VlOW/ 4^1^~ l()-X-(/-. 

In calculating the total radiation from the antenna we must assume 
some law of variation in the value of //, as the point P is moved over 
the surface of a splu're of radius, d. In the ideal case the distribution 
of // over the surface follows a cosine law as indicated in Fig. 46; it has 
a maximum value in the equatorial pdane of the oscillator and zero directly 
above or below the antenna.* As the p^ower per square centimeter varies 

^ This statement neKleota the radiation from the horizontal ciiri'ents in the upp>er 
wires of the antenna and in the earth. The amount of this radiation may he consider¬ 
able and should he calculated in getting the total radiation from the antenna. As 
the problem lends itself at best to approximate treatment only, due to earth conditional 




908 


ANTENNAS AND RADIATION 


[Chap. IX 


with the second power of H, and as H has a sinusoidal variation with 
respect to Fig. 46, it is evident that the ‘average power per square 
centimeter over the whole imaginary sphere is I times as great as at the 
equatorial plane, and this gives 

2(irPlW 

Average power per square centimeter =-1 T .yA m> 


Now as the current in the upper part of the antenna must be smaller 
than that at the base where the current is measured the radiation must be 
less than that calculated on the assumption of uniform current distribu¬ 



tion. In the ordinary 
flat-top antenna it is 
quite reasonable to put \ 
in place of f in the fore¬ 
going formula, to take 
care of this non-uniform 
current distribution, and 
th(‘n, as the total area 
of the sphere is 47rd^, we 
have, for the total radia¬ 
tion from the oscillator 
Total radiation, in ergs 
p(‘r second 



Fig. 40.—In calculating the total energy sent off from 
an antenna we a.ssunie a .sinusoidal distribution of 
//, in the meridian plane. 


2PPl^V 
1()“X^ ’ 



In this formula 7 is measured in amperes (effective) and I and X are 
measured in any convenient unit, providing it is the same for both. 

It will be noticed that in this derivation the treatment does not agree 
with that ordinarily given * in that the radiation is considered as occurring 
over a whole sphere instead of only a hemisphere. It will be appreciated 
that this way of looking at the question is correct if any analogous problem 

etc., it is not thought worth while to include the calculation of this up-and-down radi¬ 
ation. 

‘ See Berg, ^‘Electrical Engineering,advanced course, p. 292. 





LAW OF RADIATION OF POWER 


909 


in radiation is considered. Thus imagine an upright incandescent fila¬ 
ment sending out light as indicated in Fig. 47. The filament is supposed 
to have its lower end resting on a surface which absorbs part of the inci¬ 
dent light and reflects the 
rest. 

I^t us suppose that, by 
use of accepted formulas, 
we have obtained the in¬ 
tensity of illumination at 
Pf due to light traveling 
from the filament directly 
to P. (This excludes light 
arriving at P after being 
reflected from surface A,) 

Suppose further that we 
know the law' for the dis- 
t ribution of radiation, 
with respect to the angle, 

0, this law' representing 
the distribution in a homogeneous medium, i.e., exclusive of any such 
reflecting surface as w'e have at .1. From this law w'o can obtain the average 
lumens per square centimeter which would exist over the surface of a sphere 
through P if the reflecting surface .4 were not present. To get the total 

radiation it is evident that 
we must multiply this average 
illumination by the whole sur¬ 
face of the supposed sphere if 
we are to get the total radia¬ 
tion from the filament. To 
be sure, the lower half of the 
sphere (below the surface A) 
actually gets inappreciable 
illumination, due to reflection 
at the surface and to absorption 
in the material below A, but 
this fact in no way alters the 
radiation from the filament, 
it merely redistributes the 
lumens after they have left the 
filament^ and increases to some extent the illumination in the upper 
hemisphere. The surface of the earth acts in the same way tow'ards 
the radio waves as does the surface A to the light rays striking 
upon it. 



Fig. 48.—In cjilciihitin^ the power radiated from 
a coil we assume a sinusoidal distribution of 
// in both equatorial and meridian pianos. 



I’Ki. 47. The radiation of lij^ht from an incandescent 
filament standing in a partially reflecting surface is 
exactly arutlof^ous to the radiation of radio waves 
from an antenna. 
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Radiation from a Coil. —In the case of a coil the formula for radiation 
may be at once obtained by using the proper value for // in the previous 
deduction for the ordinary antenna. We suppose a coil of one turn the 
length of whose vertical sides is /, and the width between these sides is s; 
the value of II in the equatorial plane is 



If the coil has N turns of course this value of II must be multiplied by N. 

The formulation of the total radiation for the coil recpiires the knowl¬ 
edge of the distribution in the meridian plane' as well as the equatorial 
plane. Assuming both these distributions sinusoidal/ as indicated in 
Fig. 48, we find the ave'rage value of II- and thus we get the total radiation 
from the coil 

Watts = 1207r- sin- — .(18) 

X“ X 

In case the coil is so narrow that sin tt.sv X = tt.s/X we have 

Watts=12()7r'.(19) 

A* 


and if the coil is square so that .s = / w(* have 


Watts = 12()7r*/ 


■C> 


( 20 ) 


It was mentioned when calculating the radiation from an ordinary antenna 
that the horizontal parts of the* anti'nna give off considerable radiation, 
which was neglected in getting th(‘ total radiation. It must be noticed 
that in the case of tin* coil antenna this omission causes a very large 
error, because by its very form, the coil radiat(‘s as much from its hori¬ 
zontal sides as it does from its v(*rtical sid(‘s, if th(‘ coil is a square. In 
case the coil is not s(|uare its radiation due to tli(‘ horizontal sides may 
bfi obtained at once by interchanging tlu' symbols s and / in lv|. (14). 
Taking this extra radiation into account it would seem that the total 
power radiated from a square coil i.s twice the valiu* given by Kq. (20). 

All of the foregoing fonnulas for radiation have been obtained on the 
assumption that the current was uniform in amplitude throughout the 

‘ As noted before, the treiitment of nidiation ^iven here is eiementiiry and approx¬ 
imate only; the Htud(?nt is referred to Chapter IX of Pierce’s “Electric Oscillations 
and Electric Waves” for a full treatment of the subject. 






VARIATION IN INDUCTION FIELD AND RADIATION FIELD 911 


length of the radiating portion of the antenna. It is evident that when 
such is not the case (as, for example, a straight vertical grounded wire) the 
average value of the current Inust be approximated and this value used 
in the proper formula. Thus, for the single wire just referred to, if con¬ 
siderable loading is used, the average current is one-half the value of cur¬ 
rent at the ground end of the antenna and the radiated power would 
be one-quarter of the value given by Eq. (17). If, on the other hand, 
the wire was oscillating at its fundamental (/ = X/4) the average current 
would be 2/7r of the current at the base and the power would be (2/7r)“ 
or 41 per cent of the value given by Eq. (17). 

Both Eqs. (17) and (18) show that the power radiated by either a 
coil or a simple antenna is a direct function of the square of the height 
and the square of the current, and an inverse function of the square of 
the wave length. 

We will illustrate the influence of the wave length noon the power 
radiated by means of an example. Assume a simple antenna for which 


then if 


I — 10,000 cms. = 100 meters 
7 = 20 amperes 

X = 1000 meters (/=300,000 cycles per second) 


100“X 20- 

Power = COtt-X—>“'= 2400 watts, 

while, if 

X = 100,000 meters (/=3000 cycles per second) 
, 102“ X 20“ 24 

Power = 607r“X——=— = 0.24 watt. 


Thus it may be seen that it is impossible to radiate power to any great 
extent at low frequencies and it must also be remembered that this hypo¬ 
thetical case of 20 amperes supplied to an antenna at 3000 cycles is impos¬ 
sible of realization. 

Variation in Induction Field and Radiation Field.—In the ctise of a 
coil antenna the distribution of radiation field is entirely different from 
that of the induction field so it might seem possible to get measurements 
to separate them. Ramsey ^ carried out tests of this kind, and in Fig. 49 
are shown three of his diagrams. In diagram A are plotted in polar dia¬ 
gram the induction field, and in dashed line is shown the locus of his 
experimental points, for a distance from the coil center of 1/20 wave 

U.R.E., Aug., 1928, p. 1118. 
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length (which was 16 meters). At a distance X/2 t, the radiation field 
and induction field are equal, in the plane of the coil, as shown in diagram 
B. In diagram C are shown the relations of the two fields at a distance 
of X/2 meters. The three diagrams are not to the same scale; this radia¬ 
tion field of course actually falls off uniformly with increasing distance, 
and the induction field at a much faster rate; the diagrams are correct 
only for relative magnitudes of the two fields compared one with the other. 

Radiation Resistance.—Radiation resistance is a fictitious resistance 
the value of which is such as will absorb the same power as is radiated 
for the same current as flows in the antenna. 

From the definition the radiation resistance may be found by divid- 



a coil antenna, for three different distances from the coil. 

ing the power radiated by the square of the antenna current. Thus, 
from Eqs. (17) and (19) we find 

Radiation Resistance for simple antenna 

.( 21 ) 

Radiation Resistance for single turn coil having a width equal to 8, 
small compared to one-half a wave length 
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The radiation resistance is used as a measure of the ability of an antenna 
to radiate power. An antenna with a high radiation resistance is a good 
radiator, and vice versa. 

As previously pointed out the values of resistance obtained from Eqs. 
(17) and (19) may be far from correct for an actual antenna. A single 
vertical wire (no top wires) will have a resistance only 41 per cent of the 
value given by Eq. (17) when oscillating at its natural period and if much 


loading is used, so that 
the amplitude of cur¬ 
rent decreases uni¬ 
formly from base to 
top of antenna the radi¬ 
ation resistance will be 
but 25 per cent of the 
value calculated from 
Eq. (17). 

In the case of the 
coil antenna, radiating 
up and down, as well 
as horizontally, the 
radiation resistance is 
probably much greater 
than the value given 
byEq. (18); fora square 
coil perhaps twice as 
much. 

Antennas Operated 



Below Their Natural liatio wave l«n«Ui to natural wave lexurth 


Wave Length. — With Fia. 50. — The calculated radiation resistance of a simple 
the increasing utility vertical antenna operated at wave lengths shorter than 
f ih Prv <?hnrt natural wave length (antenna length one-quarter 

^ ^ length). Curve marked “Resistance at base” 

waves it has become calculated on assumption that ammeter is in the 

customary to operate ground end of the antenna; the other assumes the 

antennas at less than ammeter is at the point of maximum current. 

their natural wave 

length; this requires the insertion of a series condenser. 

The resistance of such an antenna will rapidly rise as the wave length 
is decreased below the natural wave length due to two effects. The 
radiated power actually increases with the increase in frequency and the 
current at the ground connection decreases. The loop of current (maxi¬ 
mum value) does not occur at the ground connection as it does on the 
ordinary antenna, but occurs part way up the antenna. 
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Ballantine ^ has calculated the radiation resistance for an antenna 
used in this fashion and gets results as shown in Fig. 50. The natural 
wave length is four times the height of the vertical wire and from Ballan- 
tineas results it is seen that this radiation resistance for this condition is 
36.5 ohms. This result is obtained after very arduous work calculating 
the summation of complicated series, etc. The very simply derived result 
of Eq. (21) gives a value of 37 ohms. 

In Fig. 50 one of the curves gives the resistance in terms of the ammeter 
reading at the current loop while the other gives the resistance in terms 
of the ammeter reading at the ground connection. 

Current in Receiving Antenna. —It is important to be able to cal¬ 
culate the current in the receiving antenna, Ix'cause the value of this 
current determines whether or not it is possible to hear the signals which 
cause such a current to flow in the receiving antenna. It must be here 
stated that were it not for the interference of the so-called strays 
(see p. 388) it would be possible, due to the extreme refinement and 
sensitiveness of modern receiving apparatus, to hear signals, no matter 
how small the currents in the receiving antenna. In view of the ^‘strays,’’ 
however, which also produce currents in the receiving antenna, the signal 
currents must be larger than would otherwise be necessary, so that the 
strays may interfere with the signals as little as possible; since the 

strays currents have considerable magnitude it follows that attention 

must be paid to making the signal currents large.- Hence the importance 
of knowing the factors affecting the signal current in the receiving antenna. 
We will determine this for a simple antenna and for a coil antenna. 

Received Current in Simple Antenna. —( onsider the antenna repre¬ 
sented by Fig. 51 in the path of electromagnetic waves moving, as shown, 
in a direction perpendicular to the antenna lead-in wire A-B. The 
electric field will act in a direction parallel to ABy hence there will exist 
a difference of potential across AB which will be equal to its length mul¬ 
tiplied by the intensity of the electric field. Thus, if: 

= effective value of inten.sity of electric field at A By in volts per cm. ; 
/r = height of receiving antenna, in centimeters; 

^ “On the radiation resistance of a simple vertical antenna at wave lengths below 
the fundamental/' by Stuart Ballantine, Proc. I.R.E., Dec., 1924. 

2 For example in England during the winter time the average atmospheric disturb¬ 
ance amounts to from one to ten microvolts per meter, when the receiving apparatus 
is tuned for 50 kc. 

3 In an article by Bennett, in the Journal of the A.I.E.E., for Nov. and Dec., 1920, 
various properties of antennas are analyzed and exact expressions for them derived. 
Among other things, he shows that an antenna having negligible resistance (other 
than radiation), the amount of power which can be abstracted by a receiving antenna is 
equal to about 6 per cent of the amount flowing through an area (parallel to the wave 
front) equal to (X)^ square meters, X being in meters. 
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/r*effective value of current in receiving antenna, in amperes; 

12 = effective resistance of the antenna, this of course depending 
among other things upon the coupling and adjustments in the 
closed receiving circuit, type of detector used, etc. 

Then, since the receiving circuit is always adjusted to resonate to the 
frequency of the incoming waves, it follows that the reactance will be 
zero and current in this circuit will be given by: ^ 



(23) 


It now becomes necessary to substitute for t its value in terms of the 
transmitting antenna constants. 


Ejedtijiq 




itt £ 


Oncominff 


Fig. 51.—Wave with electric gradient, i, approaching a receiving antenna. 


From Eqs. (10) and (15) we have: 

^ GOtt// 


volts per centimeter for a simple antenna; 

l207riV// TTS 
^- 

for a coil of N turns and width s. 

Substituting in Eq. (23), we have: 


Ir = 


GOwllJ 

xd/e 


(24) 


for a simple transmitting antenna; 


\20irNU,I ITS 


(25) 


' These solutions hold only for the steady state; they are not good until the transient 
condition is past. 
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for a coil transmitter of N turns and a width 5 with the receiving antenna 
in the plane of the coil. 

Of course these formulas are only approximate; the effect of the curva¬ 
ture of the earth^s surface, effect of sky waves, etc., are left out of the 
question, and they may have a very important bearing on the amount of 
received current, especially when the distance between transmitter and 
receiver is large. 

Received Current in a Coil Antenna.—Assume the single-turn coil of 
Fig. 52 placed in the path of incoming electromagnetic waves, the wave 
front and plane of the coil being perpendicular to each other and the 
electric field of the wave being parallel to conductors AB and A'B\ Then, 


Oncoming 


wave 



Fia. 52,—Wave approaching a coil antenna. 


if D and D' represent the assumed positive direction of the potential 
difference estabUshed across AB and and, if: 

£.= effective value of intensity of electric field at AB, in volts per 
centimeter; 

Ci = effective value of intensity of electric field at A'B', in volts per 
centimeter; 

Sr = width of coil in centimeters; 


we have: 


Z4 = offective value of potential difference across AB; 
ZrLi = effective value of potential difference across A'B'; 


27rSr 


= phase difference between IJL and IjLi in radians. 


The total electromotive force within the entire coil is equal to the vector 
difference of IJL and IJLi. Since AB and A'B' arc at practically the same 
distance from the radiating antenna, the magnitudes of IJL and IJLi will 
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be practically the same, but their phases will differ. Hence, total electro¬ 
motive force within the coil is obtained by taking the vector difference 
of the e.m.f.s in the two sides of the coil, as shown in Fig. 53. 

We then have 


2lrL sin 


TTSr 

T 


= electromotive force in coil 


and effective value of current on the assumption of a tuned receiving 
circuit is given by: 


2lrL . TSr 


(26) 



AO=e.m.f. hidnced in A-B« 

OB= “ “ “ A'-B'=lr^l 

OC=vector difference of 
OB and OA rs e.m.f. 
acting in the coil. 

s52 Ir^ 


Fig. 63.—The effective induced e.m.f. of a receiving coil antenna is obtained by subtract¬ 
ing vectorially the e.m.f.s. induced in the two sides. 


In case the receiving coil has Nr turns Eq. (26) becomes 


^ 2l.tNr . TSr 


(27) 


for a coil of N, turns. 

And substituting for £. the expressions obtained from Eqs. (10) and 
(15) we finally have the following: 


, UOwNrllrl . TTSr 
Ir = . . - sin —, 

\(IH X ’ 


(28) 


for current received in a coil antenna from a simple transmitting antenna 
lying in the plane of the receiving coil; and 


Ir = 


2i0irNNrllrI 

\dll 


ITS TSr 

sm — sm —, . 
X X ’ 


. . (29) 
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for a transmitter coil of width s and placed with its plane in that of the 
receiving coil. 

For the sake of convenience all receiving fonnulas are collected below; 
it is assumed that: the vertical wires of the receiving antenna are parallel 
to the electric field of the oncoming wave, that the transmitting antenna 
current is undamped and of uniform amplitude throughout, that there 
is no energy absorption by the medium, that the receiving circuits are 
tuned to the transmitting frequency, that the curvature of the earth has 
no effect, that the sky wave is of negligible importance^ and that the planes 
of the coils (either transmitters or receivers) are directed towards the other 
antenna or coil. 

Antenna to antenna 


Coil to antenna 


Antenna to coil 


Coil to coil 


188//./ 

\dli 


376A//./ 

\(IR 


ttS 
sin —. 
X 


376iV.//./ 

\(IR 



7i)2NNrUrI . TTSr . TS 

Ir = -T-sm — sin —. 

\(IR X X 


(30) 

(31) 

(32) 

(33) 


In case the angle irs/X is sufficiently small that the angle may be sub¬ 
stituted for its sine these fonnulas become somewhat simpler in form. 
We have 

Coil to antenna or antenna to coil * 


Coil to coil 


1180iV//.,^/ 
X-dR ' ’ 

7i50NNrllrSSrI 


(34) 

(35) 


In every one of the preceding formulas it is to be noted that the received 
current is: 

A direct function of receiving and transmitting antenna heights, 
and the transmitting antenna current. 

nt is to be pointed out that whereas the constants in these formulas are given to 
the third significant figure, the actmd received current may differ from the predicted 
value by a factor of three or more; refraction and reflection of the waves play an impor¬ 
tant role in transmission. 
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An inverse function of the wave length, to the first, second, or third 
power, the distance and the resistance of the receiving antenna 
circuit. 


It will be seen that for a fixed frequency the received current is directly 
proportional to the height of the transmitting antenna and to its current. 
This has led to the suggestion that the unit for defining the ability of an 
antenna to radiate be taken as the meter-am'pere. It makes no difference 
how the product of meter-amperes is obtained, by a large current with 
low antenna or vice versa. 

lie turning to the matter of the effect of “ strays ’Mt is apparent that 
if the received signal current is made large by suitably arranging the 
receiving antenna constants, then the strays current will at the same 
time be made large, and thus reception may be poor. On the other hand, 
if the receiving antenna constants are poor and the transmitting antenna 
constants very good, then the received signal current will be large while 
the strays ” current will be small, with consequent improvement in 
reception. This explains the modern tendency towards radiating systems 
of very large dimensions and receiving systems of small dimensions. 

In using a coil antenna for reception of signals, a regenerative, or 
feed-back connection of some sort should be used, to reduce the resist¬ 
ance of the coil as much as possible. Such a scheme involves a connec¬ 
tion similar to the connection of the closed circuit of Fig. 182, p. 635, 
where it must be supposed that the coil Lo of the diagram represents 
the coil antenna used for receiving. 

The reception h]qs. (30) to (35) should be modified by multiplying 
by suitable factors when the transmitting antenna current is damped, 
when there is absorption of energy by the medium and when the plane of 
the coil is not parallel to the direction in which the waves are being prop¬ 
agated. The factors are as follows: 

When the transmitting antenna current is damped ^ 


Factor is 



When there is absorption - 

Factor is 


d 

-0.000047—r 
€ VX 


When the plane of coil is not parallel to the direction in which the 
waves are being propagated 

Factor is cos a, 

’ Sec Dellinger’s paper on “Riidio Transmission,” Proc. A.I.E.E., Oct., 1919. 

* See Scientific Paper No. 226 of the Bureau of Standards. This absorption coeffi¬ 
cient holds gooil only over the ocean, in daylight. Over land, and over either land or 
ocean at night time, the transmission is too erratic to make a formula worth while. 
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where 6 = decrement of receiving antenna circuit; 

6 ' = decrement of transmitting current; 

d== distance between station in meters; 

X = wave length in meters; 

a = angle made by plane of coil with the direction of propagation of 
the waves; 

€ = base of natural logarithms. 

Comparative Merits of Different Tjrpes of Antennas.—At the trans¬ 
mitting station it will probably always be necessary to use a high antenna, 
directive or not as desired, but for receiving a signal it is scarcely ever 
advantageous to use the same high antenna as used for transmitting. 

The readability of a signal depends not upon the actual strength of 
the signal, but upon the ratio of signal strength to that of the disturbing 
noises also present. If static interference coipes from all directions 
the ratio of signal to static may evidently be increased by using a direc¬ 
tional receiving antenna; also, as it seems probable that most of the 
energy of strays may be considered to exist in the form of highly damped, 
long-wave signals, the best antenna will be one that absorbs but little 
energy from waves greater than that for which it is tuned. A coil antenna 
satisfies both of these requirements better than the ordinary high antenna, 
it being directional and having induced in it a voltage inversely propor¬ 
tional to the wave length, for an oncoming wave of fixed value of electric 
field, d; the induced voltage in the ordinary antenna under the same con¬ 
ditions is independent of w'ave length. (The statement regarding the 
coil antenna presupposes a coil width s, small compared to the wave 
length, practically always the case.) 

It is, of course, true that the intensity of signal received by the coil 
antenna will be only a small fraction of what it would be with the other 
antenna but the static interference will be even a smaller fraction. Hence 
by a good amplifier the signal may be brought up to readable intensity 
and (if the amplifier increases static and signal equally) the amplified 
weak signal from the coil will be more easily read than an equally loud, 
unamplified, signal from the high antenna. 

The validity of the above argument depends to some extent upon 
the actual ratio of radiation resistances of the two antennas; if, e.g., 
the coil has an induced signal current only 0.0001 as much as that of 
the high antenna, then it will be necessary to use an amplification of 
10,000 times (in volts) to make the coil signal as loud as that from the 
other antenna. In the present state of the art it is likely that such an 
amplifier would generate in itself sufficient noises (due to microphonic 
resistances, ** dirt ” on hot filament, thermal voltage, etc., see Chapter X) 
to make the signal unreadable. 
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Counterpoises.—It has already been stated that an antenna, other 
than a loop or coil antenna, must necessarily consist of a so-called aerial, 
which radiates, and a counterpoise, which may or may not radiate. In 
the simple Hertzian double the counterpoise radiates, and this is also 
true to a certain extent of the counterpoise used in aircraft, made up, 
as it is, of the metal parts of the craft. In most cases, however, the coun¬ 
terpoise is the ground itself. 

Sometimes when the ground is dry and therefore a poor conductor 
the counterpoise consists of a network of wires laid on the ground (in 
some cases insulated from it) directly underneath the top of the antenna 
proper. In every case it must be understood that the purpose of the 
counterpoise is to enable charges of electricity to be transferred to and fro 
between itself and the aerial with as little loss (due to heat development) 
as possible, and for this reason it must have low resistance and it must 
also have sufficient capacity. The metallic surface of the counterpoise 
should be at least equal to that of the antenna and is in most cases much 
larger. 

A counterpoise having a small surface has the same effect as a small 
capacity connected in series with the aerial; that is, it makes the antenna 
capacity very small. In order to make such a low capacity aerial resonate 
at desirable frequencies it will probably be necessary to use a large loading 
inductance, which is generally accompanied by a large resistance; hence 
the power lost and the decrement of such an aerial are very large. As 
a matter of fact, it is generally attempted to make the counterpoise of as 
large a surface and as low a resistance as possible. As a rule, when the 
ground underneath the antenna is a good conductor (wet, soft earth) 
the ground itself is used as a counterpoise and connection is made with it 
by means of copper plates or network of wires sunk into the ground at 
various places within the area underneath the antenna. These buried 
conductors should be put deep enough so that the earth around them 
is permanent ly moist. 

It may sometimes be necessary to insert radio-frequency choke coils 
in series with various connecting wires of the buried network of wires to 
make the current divide properly between various parts of the counter¬ 
poise. Strange as it may seem, adding these coils to the feed wires of the 
counterpoise actually decreases its resistance. 

Antenna Resistance.—An antenna or coil transmitter absorbs power 
when supplied with high-frequency currents by an alternator or some 
other generator of such currents. Some of this power is, as has already 
been pointed out, radiated in the form of an electromagnetic field, and 
represents useful power, while the rest is consumed in various ways and 
represents a complete loss, in so far as it contributes nothing towards 
radiation. 
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In dealing with the power absorbed by a circuit such power is, for 
the sake of simplicity, looked upon as if it were expended in a resistance 
of such a value as would consume the actual power expended in the cir¬ 
cuit for the same current as flows therein. This fictitious resistance is 
known as effective resistance .J 

Since the total power expended in an antenna is partly mdiated and 
partly lost due to various causes we may divide the “ effective resis¬ 
tance of an antenna in two parts, i.e. : 

(а) Radiation resistance. 

(б) Ix)ss resistance. 


The radiation resistance has already been defined on p. 912, and the 
expressions therefor have been derived for a simple antenna and for a 
coil transmitter; these expressions are, for convenience, rewritten belowr 



R = 60Tr‘^—„ . . . . 

X-” 

.... (21) 

for simple antenna 



and 

l-s- 

R=mir*—, . . . . 

x-* 

.... (22) 


for single-turn coil having a width s small compared to X. 

The loss resistance is due to a number of losses which are enumerated 
and discussed below: 

(1) Loss in poor dielectrics in the neighborhood of the aerial. 

(2) Loss in the resistance of the aerial. 

(3) Loss in the resistance of the counterpoise, generally the ground. 

(4) Loss due to eddy currents in neighlx)ring conductors. 

(5) Loss due to leakage over insulators, etc. 

(6) Loss due to corona. 

(1) The loss in poor dielectrics is due to the hysteresis*^ phenomenon 
taking place in all dielectrics, and most especially in poor dielectrics such 
as moist wood, concrete, masonry, trees, etc., which may happen to be in the 
vicinity of the aerial and hence acted upon by the electrostatic field about 
the aerial. This loss resistance is analogous to that due to magnetic 
hysteresis in iron and is an inverse function of the frequency or a direct 
function of the wave length as discussed on p. 255. The effective resis- 

‘ See pp. 163 et seq. 

* Dellinger gives for the resistance of a vertical antenna /2 = (39.7 //X)* and for a 

coil antenna (having Z = « (13.3 l/\yN\ 

* See pp. 252 et seq. 
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tance due to dielectric loss must, therefore, increase as the wave length 
increases or as the frequency diminishes. This loss is one of the most 
important ^ taking place in a radiating system and should be reduced 
to a minimum by keeping the field of the antenna free from unnecessary 
obstructions wherein a dielectric loss is likely to take place. As the highest 
electric gradient occurs near the end of an T or T antenna, especial care 
must be taken to keep poor dielectrics away from this part of the antenna. 

In the case of a ship^s antenna much loss may occur in the lead-in 
insulator where it enters the radio room; in case the radio room is wood, 
no metal (except the wire itself) should be used in this insulator. When 
the radio room is metal or where the lead-in wire has to go through 
metallic bulkheads, a considerable unavoidable power loss occurs in the 
insulator. 

(2) The loss in the ohmic resistance of the aerial wire should be kept 
low by making the wire of large cross-section and good conducting material. 
The large useful cross-section may be obtained by using a large number 
of very fine wires which are insulated from one another in order to pre¬ 
vent the skin effect increasing the resistance.^ The material is generally 
some bronze (phosphor or silicon bronze), since this combines fair con¬ 
ductivity with great tensile strength; mechanical considerations generally 
determine the kind of cable to use, in that many times a seven-strand 
cable is used w'hich has practically as much skin effect as solid wire. 

(3) The loss in the resistance of the counterpoise necessarily occurs 
because there are currents flowing therein which must produce a Joulean 
loss of power as they encounter a resistance. A counterpoise should be 
made of the smallest possible resistance. Where the ground is the counter¬ 
poise it is important that connection be made thereto by means of a large 
number of copper plates buried all around the antenna in soft, moist 
soil. It was previously pointed out how the multiple-tuned antenna 
may be employed in order to diminish as much as possible the ground 
resistance. 

(4) Loss due to eddy currents in neighboring conductors may be 
diminished by eliminating as much as possible all metal masses from the 
neighborhood of the antenna. Of course this is quite impossible in so far 
as metallic masts are generally used to support the antenna, and, besides, 
if these masts were replaced by wooden or concrete masts the latter might 
suffer considerable dielectric loss. 

Since eddy currents and the loss due thereto increases with an increase 
of the frequency (for a fixed value of current) it follows that the effective 
resistance representing this loss increases with the frequency or decreases 
with an increase of the wave length. 

' Sec Bureau of Standards Scientific paper No. 269, by J. M. Miller. 

* See pp. 174 et seq. 
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(5) The loss due to the leakage currents flowing between the aerial 
and the counterpoise should be kept down by using suitable insulators 
between the antenna wires and the supports and also between the lead-in 
wire and any walls through which it passes so that the resistance of the 
leakage paths may be made as high as possible. The resistance of the 
leakage paths is, of course, very much diminished in wet weather and, 
especially, where sprays from a rough sea reach the aerial. It has already 
been pointed out that in the case of submarines the ordinary antenna is 
very ineflScient, except on a smooth sea, because of the salt-water sprays 
producing large leakage currents to ground and thus absorbing the largest 
part of the energy given to the antenna. 

Since the loss due to leakage is a direct function of the (voltage)^ 
and the voltage is inversely proportional to the frequency (for a given 
current) it follows that the effective resistance corresponding to leakage 
loss varies inversely as the square of the frequency and directly as the 
square of the wave length. 

(6) The loss due to corona takes place at high voltages and is due 
to the partial ionization of the air about the antenna wires, which causes 
the air to become a partial conductor and carry a current. At night the 
corona effect is visible through the glow which accompanies it. The 
corona does not begin to take place except at a certain definite voltage, 
which, however, varies with the shape and size of the conductors; this 
critical voltage is smallest where the conductors are small and at points 
and comers. Once the critical voltage has passed, a large amount of 
energy loss may take place due to corona. As a matter of fact this phe¬ 
nomenon is to a certain extent a limitation upon the amount of power 
which may be radiated by an antenna in so far as, for an antenna of cer¬ 
tain dimensions, the ^eater the power given thereto the greater must be 
the voltage and hence the greater the corona loss; thus, for a certain 
antenna there is a limit to the power input, beyond which it is inadvisable 
to go because a large amount of power is wasted due to corona loss, and 
little is gained as far as power radiated is concerned. 

This limit is reached when the voltage at the ends of the antenna is 
in the neighborhood of 150,000 volts.^ This is one reason why the'use 
of very large radiating systems for large stations is imperative in order 
that the large capacity resulting therefrom may keep the voltage below 
the limit of corona loss even for large amounts of power input. The 
effective resistance representing this loss is for a fixed current an inverse 
function of the frequency and a direct function of the wave length, for 
voltages above the critical value. 

' As mentioned before this limit depends upon how well the antenna conductors are 
kept free from sharp points and edges. 
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From the above we have, then, that for a certain antenna and for a 
fixed current therein: 

Radiation resistance is an inverse function of (X)^; 

Resistance corresponding to (2), (3) and (4) (eddy currents and 
skin effect) decreases as X increases; 

Resistance corresponding to (1), (5) and (6) (dielectric loss, leakage, 
corona), increase with increase in X. 

The above relations are roughly indicated in Fig. 54, where the various 
components of the antenna resistance have been plotted, together with 
curves showing the total loss resistance and the total antenna resistance. 



Fig. 54.—Various components of antenna resistance, showing approximately how they 

vary with wave length. 

From the component curves B and C, we have obtained the total loss 
resistance curve, by adding the ordinates of these two curves and finally, 
the total antenna resistance, curve //, by adding the ordinates of the 
curves -4, R, and C. The important point brought out by the curves 
is that, because some of the loss resistance components are a direct func¬ 
tion, and others an inverse function, of the wave length, it follows that 
the total loss resistance has a minimum value, as represented by the point 
K on the total loss ” curve. It would seem, then, as if from the point of 
view of the losses the best wave length at which to use an antenna should 
be that corresponding to point X, and in practice this is approximately 
the most efficient wave length at which to operate an antenna. 
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The curves given above are purely of a theoretical nature, because the 
components of the antenna resistance cannot be satisfactorily measured 
by the methods at present available. However, total resistance curves 
of actual antennas, which are easily obtained, are all found to have the 
shape of curve //, and the point of minimum resistance is always found 
to be at wave lengths considerably greater than the fundamental wave 
length, perhaps twice as great. 

Some typical resistance curves of actual antennas are given herewith; 
Fig. 55 shows the resistance for a ship's antenna for which the minimum 
resistance takes place at a wave length of 3.5 times the fundamental. 

Fig. 56 shows the resistance of another ship antenna, plotted against 
frequency instead of wave length. The irregular character of this 

resistance variation 
indicates losses in 
the ship's rigging, 
masts, etc. In this 
same diagram is shown 
the change in apparent 
capacity of the an¬ 
tenna as the frequency 
increased; this is due 
to the change in volt¬ 
age distribution along 
the antenna, an effect 
analyzed later in this 
chapter. 

The ordinary land 
station antenna re- 
Fia. 55. — Total resistance curve for a ship’s antenna. si stance resembles 

these curves in fonn, 

but generally the resistance increases with the longer wave lengths 
more rapidly than‘does that given in Figs. 55 and 56. Fig. 57 gives the 
total resistance for an aeroplane antenna of the t railing-wire type and one 
of the skid-fin type; both of these antennas have about the same funda¬ 
mental wave length. It is to be noted that the trailing-wire antenna 
curve shows large resistance to the left of the minimum value, while the 
other curve shows large resistance to the right of the minimum value. This 
is accounted for as follows: a trailing-wire antenna is a much better radi¬ 
ator than a skid-fin antenna, hence the radiation resistance should be larger 
in the former and therefore that part of the curve to the left of the mini¬ 
mum, which is very much affected by the radiation resistance, should have 
the larger ordinates in the trailing antenna than in the skid-fin antenna 
curve. On the other hand, since the skid-fin antenna is very close to 
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the aeroplane structure, the dielectric and leakage-loss resistance should 
be very much greater than in the trailing-wire antenna, and hence the 
ordinates of the resistance curve to the right of the minimum value 
should be much larger. The minimum 
resistance for the skid-fin antenna is 
seen to be less than for the other in 
view of the shorter length of wire used 
and hence less ohmic resistance.^ 

In Figs. 58 and 59 are shown the 
resistances of trailing-wire antennas 
of different lengths, suspended from 
aeroplanes and dirigibles. The 250-foot 
wire hung from the plane gave con¬ 
sistent results (as did the others also) 
showing a resistance increasing rather 
rapidly as the frequency increased 
past 1000 kc.; this is to be expected, 
as the quarter wave length oscillation 
of such an antenna occurs at about this frequency, giving a high radiation 
resistance. In fact, the rapid rise in resistance of all these antennas is 
due to radiation, indicating efficient emitters. In the case of the 250-foot 
wire from the dirigible, however, the resistance increased to excessive values 

at 600 kc., much less than 
its natural frequency. 
This is due to resonance 
effects in some other con¬ 
ductor (quite possibly the 
dirigible itself) which is 
electrically coupled to 
the trailing wire. 

The very large land 
stations have a minimum 
antenna resistance be¬ 
tween 1 and 2 ohms; the 
minimum resistance for 
the antenna of a 5-kw. 
set is generally between 
5 and 10 ohms. Port¬ 
able field antennas 
sometimes have a resistance as high as 50 ohms. 

‘ For a number of curves of aircraft antenna resistance see Johnson’s paper in I.R.E., 
Vol. 8, Nos. 1 and 2. 

Also see Scientific pajxir No. 341 of Bureau of Standanis, by J. M. Cork. 



Fia. 57.—Resistance curves for two types of aeroplane 
antenna. 



Fig. 56. —Variation in effective capac¬ 
ity, and peculiar resistance varia¬ 
tion, of a ship’s antenna. 
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What has been said of the resistance of an ordinary antenna applies 
to a coil radiator as well, except, of course, that the components of the 
total resistance are related to one another in a somewhat different way; 
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Fiq. 58.—Total resistance curves of wires 
trailing from a metal airplane; radiation 
from the 50-foot wire was extremely 
small. 



Fig. 59.— A 250-foot wire trailing from a 
metal frame dirigible showed excessive 
resistance at a certain frequency; this 
was probably due to resonance in some 
conducting part of the dirigible, being 
excited by coupling of some sort (electric 
or magnetic) with the trailing wire. 


and this is true, to a certain extent, of any one type of antenna relative 
to any other. The most important thing about a coil radiator is that 
its counterpoise or ground resistance is practically eliminated, and hence 
a much less total resistance is obtained. Therefore, a certain voltage 

will, when impressed upon a coil ra¬ 
diator, produce a much larger current 
than in a simple antenna having the 
same radiation resistance as the coil; 
hence it is possible to radiate larger 
amounts of power by means of the 
coil than one might at first think; for 
ordinary-sized coils, however, the fre¬ 
quency must be very high if appreci¬ 
able power is to be radiated. 

It will be recalled, however, that 
the submarine antenna (p. 901) is 
nothing but a single-turn coil. 
Furthermore, the radio beacons used 
in airway navigation are also nothing 
but one-turn coils, though several hundred feet long and of consider¬ 
able height. 

Reduction of Antenna Resistance by Counterpoise. —If the ground 
below an antenna is a poor conductor there will be much loss there, giving 



Fiq. 60. —This pair of curves shows the 
diminution in resistance possible, 
when a counterpoise is substituted 
for earth connection; it seems that 
the radiation resistance, as well as 
the loss resistance, is cut down by 
the change. 
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a high antenna resistance. In this case the use of a network of wires 
(suspended perhaps 10 feet above the ground on insulators mounted on 
short poles) in place of the ground connection will appreciably reduce the 
antenna resistance. Such an effect is shown in Fig. 60; ^ this decrease in 
resistance is accompanied by some decrease in radiation, because the effec¬ 
tive radiating height has been reduced. However, in this special case 
most of the decrease in resistance was due directly to decrease in ground 
losses. 

Natural Wave Length of Antenna.—Con¬ 
sider an antenna in its simplest form, i.c., a 
long vertical wire connected to the alternator 
as shown in Fig. 61. The antenna wire has: 

(1) Distributed inductance. 

(2) Distributed capacity. 

(3) Distributed resistance. 

(1) The distributed inductance is due to 
the ability of every part of the antenna to 
develop magnetic lines of force. Assuming the 
absence of magnetic material near the an¬ 
tenna, its inductance per unit length should 
be practically uniform throughout its height. 

(2) The distributed capacity consists of 
the capacity between the wire and the coun¬ 
terpoise, or earth, and is, in general, different 
for different parts of the antenna. 

(3) The distributed resistance of the an¬ 
tenna is due to radiation and all the losses 
taking place. This total resistance per unit 
length of wire may be considered to be about 
uniform throughout the entire antenna height. 

The antenna as a whole has a certain 
value of effective inductance, effective capac¬ 
ity and effective resistance, all of which, when defined in terms of cur¬ 
rent at the base of the antenna, change with the frequency of the cur¬ 
rents flowing through the wire. It has already been shown how the 
effective resistance changes with the frequency or wave length. The 
effective inductance and capacity change with the frequency because, 
as will be presently demonstrated, the distribution of the voltage and 
current over the antenna changes with the wave length or frequency. 
Thus, if the antenna inductance, say, is measured for a certain value of X 
and some effective value of current, /o, at the alternator, and if, then, the 
‘ From an Article by O’Neill, I.R.E., July, 1928, p. 872. 


Fia. 61.—In an actual antenna 
the capacity, inductance, 
and resistance, are distrib¬ 
uted and must be so con¬ 
sidered when accurate equa¬ 
tions for current and voltage 
are desired. 
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wave length is changed while the effective value of the current lo is main¬ 
tained the same, the total magnetic flux emanating from the antenna will 

be different on account of 


K 


A 


\ 


the different distribution of 
current, and the inductance 
will necessarily be different. 
If, for instance, the effective 
value of the current over the 
antenna were as in a. Fig. 62 
(an impossible condition) 
every part of the antenna 
would be nearly as effective 
in producing magnetic flux, 
while if the current distribu¬ 
tion .were as in by with the 
same current, /«, at the 
alternator, the parts of the 
antenna farthest removed 
from the alternator would 
not be very effective in pro¬ 
ducing magnetic flux, thus 
making the inductance 
smaller as compared with a. 
A similar thing happens in the case of the capacity, because the volt¬ 
age distribution along the antenna varies with the wave length, and hence 
the abihty of the different 


i 
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a 


i 


b 


Fig. 62,—If the current at the l)ase of an antenna 
is held constant while frequency is changcni the 
distribution of current along the antenna will 
change; this will change the amount of miignetic 
energy associated with the antenna and hence 
will change its effective self-induction. 



parts of the antenna to 
produce electrostatic dines 
of force varies with the 
wave length. 

Effect of Ground on 
Natural Wave Length of an 
Antenna.—An antenna of 
given height above dry 
ground will have actually 
a greater electrical height, 
and have a larger natural 
wave length, than one on 
wet ground, because the 
ground of the aerial must 
be the semi-conducting 
layer of earth, as illustrated in Fig. 45, p. 906. An interesting illustration 
of this question is shown in Fig. 63; a wire of given length, trailed from 


Fundamental frequency kc. 

Fig. 63.—A trailing wire, of given length, has a lower 
natural frequency when suspended from a dirigible 
than when suspended from an airplane; this is 
due to the larger counterpoise (or earth) supplied 
by the extensive metal framework of the dirigible. 
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an aeroplane, will have a shorter wave length than when trailed from 
a dirigible, because the “ earth ’Ms so much larger in the latter case. In 
the first, the metal work of the aeroplane is the earth,” and in the 
other, the metal work of the dirigible. The natural frequency is nearly 
10 per cent higher in the case of the aeroplane. The values given in this 
curve check pretty well with the idea that the natural wave length is 
four times the antenna length; thus with 
an antenna 400 feet long we calculate the 
natural frequency as 615 kc., which is what 
the curves show. 

Distribution of Current and Voltage 
along the Antenna Wire.—It has already 
been pointed out that the current and 
voltage cannot be the same throughout the 
antenna wire of Fig. 61. The current in 
such a wire exists because electrons are being 
made to flow alternately into and out of a 
capacity; at the very end of the wire past 
which there is no capacity the current must 
be zero and will grow in value for points far¬ 
ther away from the end. The flow of this 
rapidly alternating capacity current (leading 
current) through the inductance of the an¬ 
tenna wire produces an increasing voltage as 
we proceed towards the end of the wire, a 
phenomenon which is well known to the 
electrical engineer in the case of long-dis¬ 
tance transmission lines. In order more 
fully to understand the distribution of cur¬ 
rent and voltage we are giving below the 
expression for the current and voltage in 
a simplified antenna or, more definitely, an 
antenna having uniformly distributed induc¬ 
tance and capacity and no resistance whatever. Thus, let AB, Fig. 64, 
represent such an antenna. 

I^et /; = e.m.f. vector at any point P, the effective value of the e.m.L 
being E\ 

/ = current vector at any point P, the effective value of the cur¬ 
rent being /; 

5 = distance from A to P, in centimeters; 

^ = length of antenna in centimeters; 

Li = inductance of antenna in henries per centimeter; 



Fig. 64.—By considering the 
leakage, capacitance, induc¬ 
tance, and resistance of a small 
element ds, the equations for 
current and voltage may be ob¬ 
tained. Even if the resistance 
and leakage are neglected fairly 
accurate expressions will be ob¬ 
tained. 
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Cl = capacity of antenna in farads per centimeter; 
w = angular velocity of alternator e.m.f. in radians per second; 
x = inductive reactance in ohms per centimeter = coLi; 

6 = capacity susceptance in ohms per centimeter = wCi; 

Eo = e.m.f. vector at alternator end of antenna; 
io = current vector at alternator end of antenna. 


By suitable mathematical analysis ^ it may be shown that, if the 
antenna resistance is neglected, 


= 7 —^ 6o tan a/ bx I 

V 


E = - J=r- cos 

cos V Z 

/=- y — sin V^(Z —s). 

sin V bx I 


(36) 

(37) 

(38) 


If we let d = distance from the upper end of the antenna in centimeters, 
then 

d = l-s, .(39) 

call 

a = (40) 

Substitute (39) and (40) in Eqs. (36), (37), (38) and we have the simple 
equations: 

, . b . 

I„=j Eotmal .(41) 


. E„ 

E = -; cos ad .(42) 

cos al 


1 = 


L 


sin al 


sin ad. 


. . (43) 


From Eqs. (42) and (43) we note that both E and / are trigonometric 
functions of the distance from the upper end of the antenna d. E varies 
with cos ad and /.varies with —sin ad, therefore E and / must differ by 
90° in “ space phase.” In Fig. 65 the abscissas of curves E and / repre¬ 
sent the values of the e.m.f. vector and current vector, respectively, at 

' See John M. Miller, “Electrical OsciUationa in Antennas and Inductance Coils,” 
Ptoc. I.R.E., Vol. 7, No. 3. 








DISTRIBUTION OF CURRENT AND VOLTAGE 


933 


various points along the antenna, obtained by the application of Eqs. 
(42) and (43). At the end of the antenna the current vector is zero 
while the voltage vector is a maximum. At the alternator end, E and / 
may have any value, depending upon the value of \/6x and the height 
of antenna. The example represented by the curves is not one which 
is generally attempted in practice, since the antenna would, in this case, 
produce a peculiar distribution of radiation, being a maximum in some 
zones, and zero in others, due to the fact that the current and voltage are 



positive over certain portions of the 
antenna and negative over others; 
hence in some zones the effect of 
certain parts of the antenna would 
be partly or fully neutrahzed by 



Fig. 65.—A possible form of excitation of Fig. 66.—The ordinary form of voltage and 
an antenna, at a frequency much higher current distribution on an unloaded an- 
than its natural frequency. tenna, excited at its natural wave length. 


Other parts. The curves, however, show a more or less extreme possibility. 
The more usual case is that represented by Fig. 66; this case will be dis¬ 
cussed more fully a little later. 

Again, we note from Eqs. (42) and (43) that, since E and / are trigono¬ 
metric functions of ad^ this quantity must represent a space rate of change 
of anglcj as distinguished from which represents a time rate of change 
of angle. Now, looking at the curves of Fig. 65, which represent nothing 
but so-called stationary waves of e.m.f. and current, the distance between 
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such points as B and D must be the length of the stationary wave over 
the antenna, and this distance must be such as to make 


where 

or 

Since 

li 


aXi = 2-^, 

Xi = wave length of stationary waves in centimeters, 

2Tr 

Xi = —.(44) 

a 

a = and 6 = coCi, x = a^Li, 

a=a)VZ7c^.(45) 

/= frequency of alternator in cycles per second, 

CO 

/=— and substituting in (45) 

27r 

a = 27r/V/^.(46) 


The quantity l/V^LiCi is shown in electrical engineering texts to t>c very 
nearly equal to the velocity of light or to the velocity of propagation of 
electromagnetic waves emanating from an antenna through the air. 

If 

F = velocity of propagation of electromagnetic waves in centi¬ 
meters per second, 

and substituting in (46) 

27rf 


and finally substituting this expression for a in Eq. (44) we have: 

V 

Xi=y.(47) 

Thus, the length pf the antenna stationary waves, Xi, is equal to the 
velocity of propagation of the waves divided by the frequency; but this 
quotient represents the length of the electromagnetic waves, therefore, 
the wave length of the stationary antenna waves is equal to the wave length 
of the electromagnetic waves in free space. 
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Now, going back to Eq. (41) on p. 932, we may solve for the value 
of thus: 


~ J 1 
lo 0 


(48) 


Since Eo and are the e.rn.f. and current at the alternator, their ratio 
must be the effective impedance of the antenna at the point where the 
alternator is connected. In our case the expression for this impedance 
is always imaginary, and therefore, represents the value of the reactance. 
This result was to be expected, since the resistance has been omitted in 
our simplified discussion. 

Let Xa = antenna reactance at the alternator in ohms. 

Then 


— 7 cot al 
b 


(49) 


Substituting for 


we have 


x/TTT- 

(Z= ~7“ = a) V LiCi, 
r 


5 = 27r/Ci = coCi, 


.V.= -X^ 


\'— cot 2,r - I, 


. . (50) 


or 




■V 


iLi 

Cl 


cot 


2irZ 
X ^ 


(51) 


where X = wave length of electromagnetic waves, in centimeters. 

The value of (his reactance will apparently vary, for a fixed X, as we 
vary the antenna height /. When I is such as to make cot 27r//X = 0, then 
the reactance is zero and the antenna will resonate to the alternator fre 
quency. This will happen when 


or when 


X 


TT 

2 


or Y (2^? + l) 


(52) 



/ = -X or I 
4 




X. 


And since X is also equal to the wave length of the stationary antenna 
waves, it follows that the antenna will resonate to the frequency of the 
alternator when the antenna height is such that there will result a dis¬ 
tribution of e.rn.f. and current vectors which will produce either i or f 
of I, etc., of a stationary wave. 
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If the expression for Xo as given by Eq. (50) be plotted against values 
of alternator frequency/ everything else remaining the same, we would 
have the curve shown in Fig. 67. At the points 1, 3, 5 the antenna react¬ 
ance is zero, and the frequencies at 1, 3, 5, etc., are in ratios 1 : 3 : 5 : 7, 
etc. Hence the antenna can be made to resonate at the frequency/i and 
at frequencies three times, five times, seven times, etc., /i. On the other 
hand, a little to either side of the points 2, 4, 6, etc., the reactance is 
given by the formula as infinite and directly at the points 2, 4, 6, etc., the 
resistance of the antenna, as measured at the base, is found by the formula 
to be infinite so that practically no current can be caused to pass into the 
antenna at the frequencies f >j f\y / g , etc., which are two times, four times. 



Fig. 67.—Ae the frequency impressed on an antenna is varied tlie reactance (as measured 
at the biise) thrquKh the chan^^es indicated here; in case an antenna with appre¬ 
ciable resistance had' been considered the reactance changes from its high positive 
value to high negative value by going through zero vjdvics at 2, 4 and 6. 

six times, etc., the first resonating fro(|uency f\. It is not out of place 
to point out here that the first resonating fretiuency j\ is such as to produce 
one-quarter of a stationary wave over the antenna, as may be easily seen 
from the preceding discussion. This frequency and the wave length cor¬ 
responding to it are known as the fimdamental or natural frequency and 
wave length of antenna, respectively. 

An antenna if excited by means of a spark gap will naturally have cur¬ 
rents produced in it of the frequency corresponding to zero reactance, 
and therefore of the fundamental frequency and wave length; it is possible 
by putting proper discontinuities in the antenna, to cause this frequency 
to be three times and even five times the fundamental. In general, it 


‘ For experimental curves showing this effect see Fig. 166, p. 160. 
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may be said that, whenever the simple antenna oscillates freely, no matter 
how excited, it does so at the natural or fundamental wave length. 

The curves of Fig. 67 also show that the reactance of the antenna may 
be negative (condensive) or positive (inductive), depending entirely upon 
the frequency at which it is 
used. 

In the above discussion we 
have assumed an antenna con¬ 
sisting of a vertical wire and 
having distributed inductance 
and capacity, and no resis¬ 
tance. The presence of the 
resistance makes the results 
regarding frequencies only 
slightly different, and so docs 
the fact that the capacity 
is not quite unifonnly distributed. The effect of properly introducing 
a resistance term into the development of Eqs. 50-51, etc., is to yield 
finite values of reactance for all values of frequency, a result we know is 
required by the physical facts. 



Fig. 08.- In the case of an inverted L antenna the 
natural wave length is slightly more than four 
times the extreme length A-B~C. 


N. wires 



Fig. 09.—An antenna with a wide top 
has a natural wave length considerably 
greater than four times the extreme 
length A -B-Cf by spreading out the 
wire A B (separating the different 
strands sufficiently and bringing them 
down in a cylindrical form) the natural 
wave length may l)e brought down to 
very nearly four times the length A-B~C. 


turn 



Fig. 70.—A half wave length antenna 
(frequently called a Hertz antenna) 
may be supplied with power by means 
of a transmission line (2 wire) and 
suitable transformer connected at 
its midpoint, or it may be supplied 
by a single wire transmission line, 
directly connected to the antenna at 
a proper point. 


Wave Length of an Antenna. —Consider now an actual antenna with a 
flat top. If the top consists of a single horizontal wire of the same size 
as the vertical wire, then it may be shown in the manner already illustrated 
for the simplest antenna that, assuming uniformly distributed capacity 
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and inductance throughout, the total length ABCy Fig. 68, represents 
one-quarter of the fundamental wave length of the antenna. 

If, on the other hand, the top consists of a number of horizontal wires, 
as in Fig. 69, then the problem is somewhat complicated, because the 
capacity and inductance per unit length of the part BC are different from 
those for part AB. However, in view of the fact that for the part BC 
the capacity per unit length is kii times ^ that of a single wire, while the 
inductance per unit length is l/kn times that of a single wire, the product 
of these two quantities remains the same, and it is safe to take the dis¬ 
tance ABC as again being approximately one-quarter of the fundamental 
wave length of the antenna. 

The inaccuracy of this simple rule increases as the form of the aerial 
departs from the simple one given in Fig. 64. It has been found experi¬ 
mentally that the natural wave length is connected to the extreme length 
of the antenna (from ground, up lead wire to farthest point of aerial) 


about as given here. 

Vertical wire. 4-4.1/ 

T aerial with small tops. 4.3- 

T aerial with broad tops. 5— 61 

Umbrella aerial. 6 TOi 

Horizontal wire, 1 meter from ground. 5/ 


For a horizontal wire, not connected to earth, and above the 
earth a distance comparable with its length, t]nglund found ^ that 
it oscillates at a wave length equal to 2.12 its length, within 1 per 
cent. His oscillators were between 200 cm. and 300 cm. long, of J-inch 
copper tube. 

This type of antenna must evidently have a current node at either end, 
it must then oscillate in the half wave length mode. A conductor 300 cm. 
long resonates to a wave length of 3.00X2.12 = 6.36 meters. These hori¬ 
zontal half wave length antennas are frequently called Hertz antennas; 
they are frequently supplied with power from a single wire, as will be dis¬ 
cussed later in this chapter, but more often a small transmission line with 
transformer, in the middle of the antenna is used for excitation. These 
two methods are illustrated in Fig. 70. 

The capacities of antennas vary from perhaps 0.2X10“^ farad to 
40X10“^ farad; the lower value being for small portable field antennas 
and the higher value for large high power stations. The ordinary ship 
antenna has a capacity between 1X 10~^ and 2X10“*^ farad. 

* A; is a constant less than unity; it approaches unity as the different wires of the 
antenna are spaced farther apart. 

» B.S.T.J., July, 1928, p. 404. 
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Fig. 71.—The natural wave length 
of a coil antenna is seldom used; 
the wave length is calculated 
from the value of L of the coil 
and the amount of capacity in C. 


In the case of a coil radiator the capacity of the condenser C, Fig. 71, 
is generally very large as compared with the distributed capacity over 
the conductor ABCD^ hence the latter 
may be neglected and the fundamental 
wave length of the circuit may be obtained 
from the inductance of the coil and the 
capacity C. 

Current and Voltage Distribution in 
Antenna for Various Loadings.—The ex¬ 
pression Loading of an antenna applies 
to the insertion of an inductance or a 
condenser in series therewith for the pur¬ 
pose of changing the fundamental wave 
length of the antenna circuit. This is 
best understood by referring to the curves 
of Fig. 72, which give the reactance, at 
different frequencies, for an antenna, for a 
coil, and for a condenser. The antenna 

reactance curve A is the same as the first section of the curve of lig. 
67, the curve for the inductance is a straight line, since inductive re¬ 
actance varies directly with the fre¬ 
quency, and the curve for the con¬ 
denser is an equilateral hyperbola, 
since condensive reactance varies 
inversely as the frequency. 

If the antenna and the coil are 
connected in series it is plain that 
the total reactance will, for any fre¬ 
quency, be the algebraic sum of the 
two individual reactances; a similar 
thing applies to the case where a 
condenser is connected in series with 
the antenna. The resultant react¬ 
ance curves are shown as F and G. 
Now, considering the three curves 
Ay Fy Gy it will be seen that the an¬ 
tenna alone has a natural frequency 
of /i, the antenna with the coil ii* 
series has a natural frequency of //., 
and the antenna with the condenser 
in series has a natural frequency of /r. Thus, the effect of the sr/ries 
inductance is to make the natural frequency of the entire antenna circuit 



Fig. 72.—The diagram of reactance of 
an antenna (d), a coil {B), and a 
condenser (D), shows how the natural 
wave length of an antenna circuit is 
changed by adding loading coil orshort- 
ening condensi'r in the biise of the an¬ 
tenna. 
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smaller (larger wave length) than that of the antenna alone, and vice versa 
for the case of the series condenser. 

It will be noted that by making the slope of the curve B very great 
(large inductance) the antenna circuit may be caused to have a very 

much lower fundamental fre¬ 
quency than that of the an¬ 
tenna alone, the limit being 
zero. In the case of the 
series condenser it will be 
observed that no matter how 
large we make its reactance 
(how small its capacity) the 
maximum frequency obtain- 
/ible is twice that of the 
fundamental frequency of the 
antenna proper. Thus, if an 
antenna has a natural wave 
length of, say, 500 meters, it 
is impossible to change this 
to anything loss than 250 meters by placing a condenser in series with 
the antenna. 

The changes which take place in the natural wave length of an antenna, 
as various coils or condensers are used in series with it, are shown in Figs. 
73, 74, and 75. A single-wire antenna was used in the test, about 175 



Fiq. 73.—Effect of loading coil on the wave 
length of a single-wire antenna. 



Capacity in 10 ' farada 

Fig. 74. —Effect of shunting the loading 
coil of Fig. 73 by a variable con¬ 
denser. 


Capacity in 10 “farada 

Fia. 75. -Effect of putting a variable con- 
den.s<‘r in series with the base of the an¬ 
tenna. 


meters long, having (unloaded) a natural wave length of 700 meters. 
As a variable inductance, in series with the ground connection of the 
antenna, was changed, the natural wave length of the loaded antenna 
increased as shown in Fig. 73. Then keeping the value of the 
loading inductance fixed at 1140 a variable condenser shunted 
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around this load coil brought about the changes in wave length shown in 
Fig. 74. 

The effect of putting a short-wave condenser in series with the 
base of the antenna is shown in Fig. 75; it will be seen that with no capac¬ 
ity in series with the base of the antenna (that is, the lower end of the 
antenna merely left free, connected to nothing) the natural wave length 
decreased (by extrapolation of the curve) to half the natural wave length 
of the grounded ant(mna. 

It has already been stated that an antenna is generally used at fre¬ 
quencies lower than its fundamental, and therefore antennas have gener¬ 
ally a loading inductance inserted in series. 

Current and Potential Distribution over Antenna.—We will consider 
the following cases: 

(1) Simple antenna (single vertical wire) with no loading induc¬ 

tance or series condenser. 

(2) Simple antenna with loading inductance in series. 

(3) Simple anttmna with condenser in series. 

(4) Commercial antenna with large top and no loading inductance 

or series condenser. 

(5) Commercial antenna with loading inductance. 

(6) Commercial antenna with condenser in series. 


It is understood that in every case the antenna circuit is operated at 
the fundamental freqiuuicy of the circuit, for at this frequency the react¬ 
ance is zero, the resistance is a minimum, and the current a maximum. 
Case (1). Eqs. (42) and (43), of p. 932, give 


and 


E = 


Ko 

cos al 


cos ad 




sin al 


sin ad 


and indicate that, since the antenna height (!) is equal to one-quarter 
of a wave length, the voltage and current curves will be as shown in 
Fig. 66, the curves being sinusoidal; the current curve will be one-quarter 
of a complete sine wave. 

Case (2), Fig. 76. Here the X of the entire circuit will be larger than 
that of the antenna alone, therefore the antenna height will represent less 
than one-quarter of the wave length. Furthermore the current through 
the inductance will be constant, but the voltage over it will vary from 
DK to AH, Hence the voltage E'o at the beginning of the antenna wire 
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will be much larger than in case (1), and the insulators at the point A will 



Fig. 76. —Voltage and current distribution Fig. 77. —Voltage and current distribu- 
in simple antenna with loading coil. tion in simple antenna with shortening 

condenser. 

of the entire circuit is less than that of the antenna alone; hence the 
antenna height will represent more than one-quarter of the wave length. 

The current curve, there¬ 
fore, has its zero at /i, its 
maximum at // and de¬ 
crease's to To at F; it has 
the same value on both 
sides of the condenser. 
The voltage curve is a 
maximum at B, zero at 
K and Ix^comes negative 
thereafter; however, it 
again changes sign over 
the condenser. 

Fio. 78.—Voltage and current in unloaded inverted C ases (4), (5) and (6), 
L antenna. illustrated in Figs. 78, 79, 

and 80, are analogous to 
cases (1), (2) and (3), respectively, except that the distribution of voltage 
and current takes place over the entire antenna length and not over 
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the vertical part alone. The result of this is that the vertical part has 
a current of more nearly constant effective volue over the entire height; 
of course this result is especially desirable in view of the better radiation 
produced by a uniform cur¬ 
rent over the vertical wire. 

Experimental curves of 
voltage and current distri¬ 
bution for a low-frequency 
circuit, representing at low 
frequency what an antenna 
does at high frequency, bear 
out the theoretical predic¬ 
tions already discussed, 
except that, whereas in the 
theoretical curves of Figs. 

77 and 80 we have shown 
the effective* value of the 
voltage to actually become 
zero at points marked A', 
this does not happen in the 
lies in the fact that the 
basis 



Fig. 79.- 


-Current and voltage in inverted L an¬ 
tenna having a loading coil. 


experimental curves.^ 
tlieoretical curves have 
of Eq. (37) which takes no account of the 


The reason for this 
been plotted on the 
resistance of circuit, 
while actually there is resis¬ 
tance. The effect of the 
resistance upon the effective 
value of the voltage along 
the antenna is, generally, to 
make it impossible for it to 
become zero for, at the nodal 
point, where the voltage 
should be zero, there is 
energy flowing past the 
nodal point to supply the 
losses for the rest of the an¬ 
tenna, and in order for this 
to take place the voltage must* 
be greater than zero. In the 
case of no resistance the 
voltage along the antenna 
has different effective values, 
but the same phase for the same half-wave and changes in phase through 

»Sec Morecroft, “ Experiments with Long Electrical Omductors,” Proc. I.R.E., VoL 
5, No. 6, Dec. 1917. 



Fig. 80.—Current and voltage in inverted L an¬ 
tenna having shortening condenser. 
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180® at the point where it passes through its zero value. On the other 
hand, in the actual case the voltage all along the antenna has not only 
different effective values, but different phases as well, as may be shown 
by the vector diagram of Fig. 81 where the vectors represent voltages 
at different points of the antenna of Fig. 80, the numbered vectors 
corresponding with the numbered positions on the antenna. At nodal 
points the voltage would be very small as shown at E^; its magnitude 
g. (for a given impressed voltage) becomes smaller as 

^ the resistance of the upper part of the antenna is 

f ’ decreased. 

/ Antenna Operated at Less Than Quarter Wave 

/ / Length. — Meissner ^ hjis 

/ / advocated the operation 

/ / of antennas at a wave 

/ / ^V 45 length considc^rably less 

^E 3 / / than the natural wave 

/ / y //, length, that is, less than 

\ / // \ the wave length it shows 

y when grounded, with no 

_ A I q opinion that the signals 

Fig. 81. — Voltage Fig. 82.—Polar diagram of from such an an- 

magnitildes and radiation from a quarter tcnna experience much 

phasesoftheanten- wave length antenna and loss fading than do those 

nashown in Fig. 80; a half wave length antenna ojx'rated at the quarter 

at the nodal ^inta (Meissner). frequency or 

of such an antenna ® ‘ •' 

the voltage is not 

zero as the curves * In Fig. 82 is shown the form of the curve of 
ot Figs. 77 and 80 energy distribution for a quarter wave length an- 
would indicate, tenna and a half wave length antenna, according to 
but a certain small ]vieissner. The greater amount of energy travels 

upon the resistance along the earth s surface, with the half wave 

of the antenna. length antenna, thus not only increasing the strength 
of the direct earth wave, for a given power, but also 
diminishing the intensity of the sky wave and thus diminishing the inter¬ 
ference between the two. It is this interference which produces fading. 

In Fig. 83 is shown an effective antenna for broadcast frequencies; it is 
operated at a wave length of 545 meters, although when grounded its 
natural wave length is 930 meters. The length from the ground to the 
spreader is 150 + 22 = 172 meters. The rat io of natural wave length to 
this length is 930/172 = 5.4. This factor, for antennas of this type, is 
given on p. 938 as between 5 and 6. 

‘I.R.E., July, 1929, p. 1178. 


Fig. 81. — Voltage 
magnitudes and 
phasesof the anten¬ 
na shown in Fig. 80; 
at the nodal points 
of such an antenna 
the voltage is not 
zero as the curves 
oi Figs. 77 and 80 
would indicate, 
but a certain small 
value depending 
upon the resistance 
of the antenna. 


Fig. 82. —Polar diagram of 
radiation from a quarter 
wave length antenna and 
a half wave length antenna 
(Meissner). 
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The field strength distribution of this antenna, with 15-kw. input, is 
shown in Fig. 84; according to Meissner this shows a considerably better 
average field strength than any other broadcast antenna of similar general 
type; two others which he uses for comparision give 12 mv. per meter and 
13 mv. per meter at 50-km. dis¬ 
tance with 15-kw. input, whereas 
this one shows 19 mv. per meter. 

At 100-km. distance this one 
shows 5 mv. per meter, whereas 
the other two showed 3.2 and 4.2 
respectively. In another of these 
high-efficiency antennas the height 
is 150 meters and the operating 
wave length is 497 meters; this 
approaches the half wave length 
condition more closely than the 
one described above. 

Half Wave Length Antenna Not Dependent on Ground Condition.— 
The maximum current in these half wave length antennas occurs part way 
up the vertical lead. At the base the current is much less than its maxi¬ 
mum value. (It will be re¬ 
called that the quarter wave 
length antenna has a maxi¬ 
mum current at the base.) 
This small current at the 
base means that the loss in 
the earth connection will be 
comparatively small, so 
the ground network, or 
counterpoise, if such is 
used, need not be as ex¬ 
tensive or expensive as it is 
for the quarter wave length 
condition. 

Effect of Masts. — The 

steel masts from which the 
antenna is suspended should 
always be as far away from 
the antenna as feasible, 
otherwise much of the radiated power will be at once absorbed by them. 
They exert a large influence on the distribution of radiated energy even if 
they do not absorb much power. It is frequently possible to get much more 
current into the antenna, with a given power supply, by grounding the 



16 kw. input 

Fio. 84.—Field strength distribution map of the 
antenna of Fig. 83, when 15 kw. are being sut>- 
plied to it. 



Fig. 83. —An efficient design of antenna 
for a broadcast station; it is operated at 
a wave length much less than the natu¬ 
ral (quarter) wave length of the un¬ 
loaded antenna. 
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towers, if they have been built on insulating pedestals as is frequently 
the case. However, it is often found that, even with this increased cur¬ 
rent in the antenna, the radiated field is actually less. This is caused by 
the currents flowing in the towers neutralizing to some extent the effect 
of the current in the antenna proper. 

If the grounded tower has a natural frequency near to that of the 
antenna current, a very great shift in radiation distribution will occur 
with small changes in antenna freciuency. When this is lower than the 
tower frequency the phase of the tower current will be ahead of that of 
the voltage induced in the tower, and vice versa. The rapid change in 
phase, nearly 180°, will greatly change the radiation pattern. 

In Fig. 85 is shown the sliift in pattern of radiation field when the two 


A-Towi-rs rosonant 
B-To\NL'rs non*reM)nant 



Fig. 85.—Effect of the two steel supporting 
towers ui>on the field distrif)Utiori sent 
out from the antenna. 



Fig. 80.—Radiation pattern B wfus ol>- 
tained from a T antenna, and pattern 
A was ohtairu'rl from a sin/<le vertical 
wire, strunj^ from the same m.-ists. 
This indicates that the steel support¬ 
ing: niasts liave a much Ki'PJiter influ¬ 
ence? upon tht‘ ladiation pattern than 
does the form of the antenna. 


towers between which the antenna was strung were IiukhI, and when not 
tuned. In Fig. 84 it will be noticed that the field is asymmetrical, being 
greater in the line of the towcTs. By properly adjusting the resonant 
frequency of these towers, and proper spacing from the antenna in terms 
of wave length, the pattern may be greatly alter(‘d. 

Directivity of the T Antenna.—It has been thought that a T antenna 
shows directive radiation, but results obtained by O’NeilP rather dis¬ 
prove this. In Fig. 86 arc shown the radijition from two antennas of 
entirely different shape; A was a vertical wire 240 feet long and B was a 
T antenna having a vertical lead wire 80 feet long and a T top 240 fi^et 
long. The radiation patterns of both antennas are practically the same; 

^ I.R.E., July, 1928, p. 872. 
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its asymmetry in both cases is quite evidently caused by the action of the 
towers between which the antennas were suspended, and not by the 
antenna shape. 

Direction Finders.—1'his is the name given to receiving antennas 
so constructed as to indicate the direction from which the signals are 
coming. The simplest direction finder is a receiving coil antenna; it 
has already been pointed out on p. 886, that such a coil when used as 
a transmitter will produce the maximum intensity of field in its plane 
and the minimum at right angles thereto; in a similar manner the coil 
will, when receiving, have the greatest current pro¬ 
duced in its circuit wlaai its plane is in the plane of 
propagation of the waves and the minimum when its 
plane is perpendicular to the plane of propagation of 
the waves. Thus, if the coil be arranged so that it 
may be made to rotate witli n^sj^eet to its vertical 
axis while signals are being n^cc'ived, then when the 
coil is placed into a position of minimum or zero 
strength of signals the normal to its plane indicates 
the direction from which th(' wav(‘s are coming. 

It has alr(‘ady been stat(\l that in the case of aero¬ 
planes a coil antenna is soiiK'times used for receiving, 
which is kept tixcnl in position with respect to the aero¬ 
plane while the aeroplan(‘ is maneuvered until maxi¬ 
mum or minimum stnmgth of signals is obtained. 

In ord('r to obviate the necessity of moving the coil 
while obtaining bearings Bellini and Tosi invented 
the so-called goniom('t(‘r which bears their name. 

It consists of two similar coil antennas. Fig. 87, at 
right angle's to each other, the antennas being kept 
stationary.' l^ach of the antennas is connected in 
series with similar coils D\ and Dy and variable con¬ 
densers Fi, Fi>, such as to enable the operator to tune 
to the incoming waves. The condensers are con- 
vstructed si^ that they may both be varu'd at the 
same time and by the same amount, in order for both antennas to be 
simultaneously tuned to the incoming waves. The coils D\ and D 2 
are constructed in two parts as shown in Fig. 88, leaving a space in the 
middle for a coil K which may be rotated with respect to a line through 0 
as an axis. The coil K is connected to a tuning condenser to which 
there is attached the detecting circuit. 

The signal strength will vary as the coil K is rotated. This may 

* For another type of directive receiving system see New Directional Receiving 
System,” by H. T. Friis, Proc. I.R.E., Vol. 13, No. 6, Dec., 1925. 



Fig. 87.-- Pair of sim¬ 
ilar coil antennas 
placed at right an¬ 
gles to each other 
constitute the 
Bellini-Tosi direc¬ 
tion finder. 
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be shown as follows: Let, in Fig. 89, Di, D 2 and K, represent the planes 
of the stationary coils D\ and D 2 and of the movable coil K, respectively; 
also assume, for the sake of simplicity, that the coil antennas A\ and 
A 2 are placed so that the plane of i4i is parallel to that of Di and the 
plane of A 2 parallel to that of D 2 . It is understood that the coils 
D\ and D 2 together with the respective antennas A\ and .4 2 and the 
condensers F\ and Fo (see Fig. 87) are so adjusted that each circuit has 
a natural wave length equal to that of the incoming waves and the 
same value of resistance as the other circuit; this means that the circuits 


To tuning condenser 
and detector 



Fig. 88. —Arrangement of coils in the base 
of the two antennas; coil K may be ro¬ 
tated and by the magnitude of the sig¬ 
nal strength induced in it the direction 
of the sending station (±180®) can Ije 
obtained. 



''Direction of 
oncoming wave 


Fig. 89.—Diagram for analysis of the ac¬ 
tion of the direction finder. 


of the two antennas must be exactly 
similar. Assume that the incoming 
electromagnetic waves are harmonic and that, therefore, harmonic e.m.f.s, 
will be induced in A ^ and A 2 which will, in turn, produce harmonic 
currents in their respective circuits. 


Let a = the angle made by the direction of incoming waves with the 
plane of the Ai antenna; 

/3 = angle made by the normal to the plane of the revolving coil K 
with the plane of the Ai antenna; 

ii = instantaneous value of current in circuit Ai~Dr Fi (Fig. 87); 

t 2 = instantaneous value of current in circuit Az D 2 F 2 (Fig. 87); 

61 = instantaneous value of e.m.f. induced in K by current in D\\ 

62 = instantaneous value of e.m.f.'induced in K by current in D 2 ; 

e = instantaneous value of total e.m.f. induced in K by the simul¬ 
taneous action of D\ and Dz] 

/m = maximum value of the current which would flow in A\~D\~Fi 
* or A 2 -D 2 -F 2 if either were placed with its plane parallel to 

the direction of the incoming waves; 
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CO = angular velocity of currents flowing in A i-Di-Fi and A 2 -D 2 -F 2 ; 
M = coefficient of mutual induction between K and either Di or D 2 
when the plane of K is parallel to either Di or D 2 . 


It was stated on p. 919 that the effective value (the same applies to 
the maximum value) of the current flowing in a receiving coil antenna, 
whose plane is inclined to the direction of the incoming waves, is equal 
to that which would flow, were its plane parallel to the direction of the 
waves, multiplied by the cosine of the angle which the direction of the 
waves makes with the plane of the coil. In our case, therefore, we have: 

ii = Im cos « sin co^.(53) 


By imagining that Di is rotated (counter-clockwise) until it coincides 
with position shown for we see that the equation for current in coil 
D 2 must be 

t2 = /m COS («4-90) sin cot — — Im sin a sin cot . . . . (54) 


From the well-known law of electromagnetic induction 
_^ . (ill 

ei = —M sin ^ —. 


(55) 


62 — —M cos ^ 


dh 

dt' 


(56) 


Substituting in (55) and (56) the values of i\ and t 2 of (53) and (54) we 


have: 

61 = — coMIm COS OL sin /3 cos .(57) 

62 = o)MIm sin a cos cos cot, .(58) 

and 


€ = 61 + 62 = — cos co((cos a sin/3 —sin a cos/3). . (59) 

The maximum value of e for a given value of a and evidently occurs 
when cos wt = l or 


Max. value of 6 = oMIm (cos a sin j3 —sin a cos fi), . . (60) 

Since the maximum value of the current flowing in the coil K is directly 
proportional to the maximum value of e, and since this latter changes as 
the angle /3 is changed, i.e., as the position of K changes, it follows that 
the signal strength will vary as K is rotated about its axis. 

We may now find the values of which will make the signal strength 
zero or a maximum respectively; this will occur when the value of the 
parenthesis of Eq. (60) is zero or a maximum. 
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We can put 

cos a sin /3 — sin a. cos 0 = sin — oc) 

and then get 

sin(i3 —a)=0 when ^3—^=0° or 180° 

from which i3 = a or= 180°+a.(61) 

sin (i3 —a) =inaxinuim when i3 —« = 90° or 270° 


from which )3 = 90°+o or =270°+«. . . . (62) 

We may therefore state that extinction of the signals will take place 
when the normal to the plane of the coil K is parallel to the direction of 
the incoming weaves, and that maximum strength of signals will result 
when the nonnal to the plane of K is at right angles to the direction of 
the incoming waves. It will be noted that, in this particular case, where 
Di and Do are parallel to Ai and ^42, respectively, the results are the same 
as if the whole system of coils were reduced to the coil K alone used as a 
coil antenna; for, when the plane of K is perpendicular to the direction 
of the waves, the strength of signals is a minimum, and when the plane 
of K points towards the direction of the waves, the strength of signals 
is a maximum. 

A discassion similar to the one given above may be applied in a similar 
manner and with similar results to the case of damped waves. Of course 
it is plain that the results expressed by Eejs. (61) and (62) are vitiated 
by the existence of any dissimilarity between the circuits A\-Di-F\ and 
A 2 -Do~F 2 ^ In order to avoid any dissimilarity as much as possible, even 
at the expen.se of sensitiveness, the condensers F\ and Fo are often dis¬ 
pensed with, and the circuits are thus made aperiodic. 

Direction Finders in Navigation.—By fitting coil K with a suitably 
calibrated dial and rotating the coil until weakest signals are obtained, the 
direction of the incoming waves may be detcTinined with a comparatively 
small percentage of error. Use is continually being made of direction finders 
for determining the po.sition of a ship or aircraft of .some kind. Thus, a ship 
S which is nearing the port may get her bearings quite accurately in one or 
two ways, as indicated below. (See Fig. 90.) 

(a) The ship may be fitted with a directional receiver, and the stations 
A, Bf C, D may be fitted with non-directional transmitters continually 
sending out different identifying letters. The operator on board the ship 
is assumed to know the positions of the stations Ay By C and D on his 
chart. He would obtain the angles a, /3, y (see Fig. 90) by manipulating 
his directional receiver. By plotting the points A, B, C, D and the 
angles a, y the position of the ship may be obtained. 
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(6) The ship may be fitted with a nondirectional transmitter contin¬ 
ually sending out some identifying letter, and the stations A, C, D 
may be fitted with directional receivers. The operators at il, C, D 
would, by manipulating their directional receivers, obtain the angles 
which the lines SAy SBy SCj SD make with the north and south line 
and report these angles by telephone to a central station Fy where the 


angles are plotted and the position 
of the ship is determined. Station 
F will then transmit the position 
of the ship by radio to the operator 
on board the ship. 

This latter method is the one 
used in the port of New York and 
seems to be preferable to the former, 
in so far as this requires the presence 
of a skillful operator, capable of 
plotting the ship’s position, on 
board each ship, whereas in the 
other case all the plotting is done 



Fia. 00. Arrari^iieniont of shore stations 
jiround a port to furnish radio compass 
service to incoming ships. 



Fig. 91.—To eliminate the 180° uncer¬ 
tainty it is necessary to use a simple 
antenna in connection with the coil 
antenna. 


in one single central station, where much greater accuracy may be 
obtained. 

So far we have shown how, by means of the single-coil antenna or by 
means of a goniornetery we may be able to determine the plane parallel 
to which the electromagnetic waves are acting; but we have not yet 
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determined the exact direction of the incoming waves. Thus, we have been 
able to find that the waves may be acting along the line ABy but not 
whether they are coming from A or from B] this determination is 
technically known as the “ elimination of the ISO'^ uncertainty.^^ In 
most instances the direction from which the waves are coming is known, 
especially in communication belw^een ship and shore and vice versa; 
but sometimes this is not the case. 

In order to eliminate the 180° uncertainty the single-coil antenna 
or the double-coil antenna of a goniometer is accompanied by a vertical- 
wire antenna located in the axis of the coil or coils, as shown for the 
case of the single-coil antenna of Fig. 91, where A BCD is the coil an¬ 
tenna, FG the vertical-wire antenna, connected to ground in series with 
the tuning inductance H and the key K. The inductance H is loosely 
coupled to the coil N inserted in scries with the coil antenna. The 
operation of obtaining the direction of the incoming waves would be as 
follows: 

(1) With key K open and the coil antenna turned into some position 
w^here the signals may be easily heard, tune the coil antenna circuit to 
the incoming w\ave-frequency by means of condenser P. 

(2) Close Ky and, without changing condemser P, adjust II until the 
circuit of the vertical wire antenna is tuned to the freciuency of the incom¬ 
ing weaves, which will be denoted by maximum noise in the receivers 
connected in the detecting apparatus. 

(3) Again open key K. Turn the coil antenna until the signals dis¬ 
appear or become a minimum, llie normal to the plane of the coil when 
in this position represents a line parallel to the direction of the incoming 
waves. 

(4) With key K still open turn the coil antenna 90° from position of 
(3). Maximum signal strength will then be obtained. 

(5) With the coil antenna in the po.sition of (4) depress key K. The 
signal strength will either increase or decrease relative to that of (4), 
depending upon the exact direction from which the waves are coming. 
If the signal strength decreases upon closing K the waves are coming 
from a certain direction, and if it increases the waves are coming from 
the opposite direction. Whether it is one direction or the other may be 
told by previously calibrating the entire apparatus. Waves are used for 
this calibration which are known to come from a definite direction. 

The reason for the behavior of the vertical-wire antenna together 
with the coil antehna is as follows: Omsider Fig. 92 and kit the arrows 
represent the assumed positive directions of the electromotive forces in 
the wires ABy FGy CD. Let the direction of the incoming waves be as 
represented by IF, and let the plane of the coil be parallel to the 
direction of the waves. 
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Call = effective value of e.m.f. produced in wire AB due to waves W] 

£^2 == effective value of e.m.f. produced in wire FG due to waves W] 

£3 = effective value of e.m.f. produced in wire CD due to waves W\ 

a = angle equivalent to distance Si between AB and FG, and between 
FG and CD; 

£ = effective value of total e.m.f. in coil antenna due to waves W; 
/2 = effective value of current produced in the vertical wire antenna; 
£n = effective value of e.m.f. induced into N by the current in H. 


Since the waves strike wire AB first it is plain that the e.m.f. produced 


therein will be ahead of that of FG and 
CD and, therefore, the various e.m.f.s 
will be as shown in Fig. 93 below, where: 

E = Ei—E3 

It is plain that no matter what the 
angle a the vector E will always be at 
right angles to £ 2 - The current 1 2 will, 
since the wire antenna is tuned to the 
incoming waves, be in phase with the 
e.m.f. £ 2 . The e.m.f. £„ induced in 
N will Ix^ 90° behind the current I 2 or 
180° from the e.m.f. £. Since the total 
e.m.f. producing the current in the coil 
antenna is £ —£„, this e.m.f. will, in 
this case, be (M, less than if the coil 
antenna alone were acting, when the 
total e.m.f. would be E. 

Now consider the case when the 
waves are coming from the opposite 



direction to W. Let the s>unbols: £'i, 
£'2, £'3, £', E'n represent quantities 


Fig. 02.—DiiTCtion of assumed posi¬ 
tive e.m.f. induced in the conduc- 


corresponding to £ 1 , Ezy Esj E, I 2 , Enj tors of the two antennas of Fig. 88. 


with the waves from the direction 


opposite to W. In this case the waves will strike conductor CD first, 
and hence the e.m.f. produced therein will lead the e.m.f.s of FG and 
AB. The vector diagram will then be as shown in Fig. 94. As before 
£' = £'1—£'3 and will be always perpendicular to £'2. The e.m.f. £'n 
will now be in phase with £' and the total e.m.f. (£'4-£'„) producing 
the current in the coil antenna will, in this case, be OA, larger than if 
the coil antenna alone were acting, when the total e.m.f. would be £'. 

Thus it has been shown that if the waves are coming from Wy Fig. 
92, the action of the current in the vertical-wire antenna is to diminish 




954 


ANTENNAS AND RADIATION 


[Chap. IX 


the current in the coil antenna (and hence the strength of signals), while 
if the waves are coming from the opposite direction the action of the 
vertical-wire antenna is to increase the strength of the signals. It will 
be understood that whether the signal strength is increased or decreased 
by the action of the vertical-wire antenna will depend not only upon 
the direction of increasing waves, but also upon the direction of the 
winding on the coils H and N and the position of these coils relative to 
each other. This is the reason why the entire apparatus has to be cali¬ 
brated beforehand. In the case of a goniometer the vertical wire an¬ 
tenna is coupled to both of the coil antennas, and the manipulation of 
the apparatus is similar to that for the single¬ 
coil antenna. 

Incomplete Extinction of Signals. — Unless 
special precautions have been taken coil antennas 
do not give zero signal, in any position; the signal 
goes to a minimum, but is not extinguished. 
This effect is produced by the coil acting to 
some extent like a simple antenna. The two 
wires leading from the coil to the detecting appa¬ 
ratus unbalance the coil electrically, one of them 
going directly to ground (filament circuit of de¬ 
tecting tube) and the other connecting to ground 
only through a very high impedance. This asym¬ 
metry is sufficient to prevent a “ silent setting to 
be made with the coil, because the antenna effect 
gives an e.m.f. 90° out of phase with the coil 
effect. By a suitable auxiliary circuit it is possible 
*io eliminate this antenna effect, thus getting a 
more accurate setting, if necessary. 

The lack of complete extinction may also be 
due to the fact that there are two waves acting on 
the coil at the same time, one that came directly 
along the ground and the othc^r having reflected from the sky. As these 
two waves may not come from the same direction it is quite likely that 
complete extinction is found impossible. In Chapter IV, Fig. 28, it was 
shown that when the compass bearing went through large errors the mini¬ 
mum signal setting was broad, indicating that the sky wave and direct 
wave were producing interfering effects; 

Rotating Beacon on Shore.—In one type of beacon suggested a loop 
antenna on shore rotating exactly once a minute sends out a characteristic 
signal (such as N) when the axis of the coil is pointing north. It then 
sends out its specified code signals as it revolves, and of course any ship 
listening in on its ordinary non-directive receiver hears the signal wax and 



Fig. 93. —The e.m.f. act¬ 
ing in the coil antenija 
(Fig. 92) is the vector 
difference of the e.m.f. 
in its two sides and is 
shown at OE; current 
flowing in the simple 
antenna is shown at 
OIz and this induces 
a voltage in the coil 
antenna equal to OEn. 
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wane. By taking the time required for the signal to go to zero, after the 
N has been sent, the direction of the beacon loop at this time is at once 
calculated. Thus, if the ship hears a minimum signal 10 seconds after the 
N signal has been sent, the beacon is N 60° E (or aS 60° W) of the ship. 
The beacon turns cast from north, so 10 seconds after it sends the N 
signal the axis of its coil must be 60° east of north. Which of these two 
opposite bearings is correct will presumably be known by the navigator. 

It might so happen that the listening ship is due south (or north) when 
the N signal is sent, and so the signal is not heard. To offset this difficulty 
another characteristic signal (such as E) is sent when the axis of the beacon 
coil is pointing east. 

Reliability of Direction Finders.—The precision with which a direction¬ 
finding receiving coil can be set (under laboratory conditions) is probably 
less than 1°; in general an operator 
can set more precisely for minimum 
signal strength than for maximum 
unless two coils, at right angles to 
each other, are used and one of 
them arranged for commutation. In 
this scheme the combination of coils 
is so placed that one coil (the one 
without the commutator) lies approx¬ 
imately in the direction of the signal, 
thus being set for maximum recep¬ 
tion. The other coil (evidently set 
for minimum) is connected in series 
with the first by means of the com¬ 
mutator. The operator then orients 
the apparatus until the commuta¬ 
tion of the one coil makes no difference in the signal strength. The 
precision of setting with this apparatus is probably much better than 1°. 

It would seem that it is not worth while to increase the precision of 
direction finders beyond that now attainable, because of the non-linear 
propagation of radio waves. With short waves there is not much devia¬ 
tion from straight line propagation, under ordinary conditions; with the 
long-wave signals, however, the propagation seems to be rather erratic.' 
With signals from 10,000-20,000 meters long, an apparent change in 
direction of a transmitting station of as much as 90° may occur, the change 
occurring quite rapidly (as much as several degrees per minute). This 
variation occurred when the two stations were less than 200 miles apart 
and might, of course, have been greater if the distance had been greater. 

^ See Bureau of Standards Scientific Paper No. 353, reporting experiments by 
A. H. Taylor. 



Fig. 94.—This diagram shows how 
the phase relations of the various 
e.m.f.s of Fig. 93 change if it is iis- 
sumed that the signal waves are 
corning from the opposite direction 
to that assumed in Fig. 93. 
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In view of Taylor's experiments it seems hardly advisable to use. highly 
directional receiving antennas for communication between long-wave 
stations. It would seem as though many experiments on attenuation 
measurement with long waves must be of extremely doubtful value, if 
the receiving antenna was at all directional. 

The charts giving the location of radio compass bearings give the angle 
in which the observed bearing is reasonably accurate; this angle will 
generally not include any path in which the signal travels closely parallel 
to a shore line. 

The coils used for direction finding on board ship have certain errors 
due to the iron work of the ship, just as the old magnetic compass had. 
These errors in the radio compass must be compensated or at least known, 
by swinging ship " as was done with the compass.^ 

A direction-finding coil antenna is of no service at all in the rooms of 
a modern steel frame work building; no direction can ordinarily be found 



Fig. 95. —Change in radio compass bearing of a long wave station, as measured a few 

hundred miles away. 

in which the signal is extinguished and the maximum signal will generally 
be received when the cQil is closely coupled, magnetically, with one of the 
steel columns of the building. 

In a comprehensive paper, Smith-Rose ^ summarizes the situation 
with respect to reliability of direction finders, as aids to navigation. He 
concludes that Ix^arings taken in the daytime, with water only intervening 
between transmitter and receiver, the error is seldom 2"^ for distances up 
to 100 miles. At night time the variation is somewhat greater, so that 
perhaps not more than 30 miles is allowable if the error is not to be 
greater than 2"^. 

Fog seems to have no effect whatever in the accuracy of a direction 
finder. If the wave travels mostly over land, and the distance is a few 
hundred miles, great variation in apparent lM*aring occurs at night, espe¬ 
cially on long waves. Fig. 95 shows the apparent direction of St. Assise 

^ For latest type of direction finder see Bureau of Standards Scientific Pai)er No. 625. 
“A Unicontrol High-frequency Radio Direction Finder," by F. W. Dunmorc. 

* I.R.E., March, 1929, p. 425. 
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(14.3-km. wave), France, as measured in England. During the daytime 
the apparent bearing and true bearing agree within 2°. Shortly before 
sunset, however, irregularities occur, and large errors, present through the 
night, persist until an hour or more after sunrise. 

A station thousands of miles distant, over the ocean, shows scarcely 
any deviation, even at night. Thus an American station (16.5-km. wave 
length) did not change its apparent bearing, in England, by more than 2° 
throughout the 24 hours. 

Cause of Change in Apparent Direction. —It is now well known that fad¬ 
ing is generally caused by interference of waves reaching the observer by dif¬ 
ferent routes; they thus have a difference in phase and so may assist or 
oppose one another. In direction finding, the loop used for picking up 
the signal receiver waves not only with its two vertical sides but also 
with its two horizontal sides. Now the vertical sides (which are the 
only ones generally considered) receive 
the ground wave, the one that comes 
directly from the transmitter. The 
top and bottom of the coil receive a 
wave that has traveled up to the sky 
(the Hciiviside layer) and been reflected 
down again. In this reflecting action 
the direction of its electric field may 
have l)een gr(\atly changed, depending 
upon the character of the ionized 
region where the reflection occurs. 

The direction from which the sky wave 
comes to the receiver loop may have 
no relation at all to the geographical 
bearing of the transmitter. 

Now the sky wave is greater at night than in daytime, and so interfer- 
enc(» plienomena and irn'gularities in direction finding are correspond¬ 
ingly pronounced, (dost' by a transmitter the direct wave is very strong 
compared to any sky wave that arrives, so the error produced is small. 
This is the condition for 100 miles in the daytime, and for 30-40 miles at 
night, distances within which we have stated the loop gives direction 
correct to within 2°. 

Elimination of Direction Error Due to Sky Wave. —Evidently if the 
loop had no top or bottom parts to pick up the sky wave this source of 
error would Ix^ eliminated. This is possible by the use of a special antenna 
system due to Adcock, shown in Fig. 96. He uses two specially formed 
antennas, crossing one another as shown at A. The coil joins the two 
separate antennas in such a way that current flowing up the front of the 
antenna flows through the coil in the same direction as does current 





Fig. 96.—A special type of compass sta¬ 
tion not affected by sky waves; its 
bearing indications are not subject to 
errors as are the ordinary coil anten¬ 
nas used in direction finders. 
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flowing down the back. And as the wave passes, and directions of current 
in the front and back reverse, the current through the coil reverses. 

But any wave proceeding downward (such as a wave from the sky) 
will produce no effect on the coil bi^cause of the method of connecting the 

two antennas. The two hori¬ 
zontal conductors will have 
voltages introduced in the 
same direction, thus produc¬ 
ing no net effect to send cur¬ 
rent through the coil. 

By using two such an¬ 
tenna systems, and coils, at 
right angles, and using the 
coils in the scheme shown 
in Fig.'88, a goniometer is 
obtained the readings of which 
are indejx'ndent of sky wave 
action. In sketch B of Fig. 
96 is shown such an antenna 
system. It is installed Ix'- 
tween four heavy wooden 
poles, and cross-members on the pole tops serve to suspend the observer’s 
cabin. 

The remarkable performance of this device is shown in Fig. 97, taken 
from the paper of Smith-Rose referred to above. I'he full line shows the 
bearing of a station taken with the ordinary radio compass, the loop 
aerial. It shows variations in 
the apparent Ixairing! of 300°! 

At the same time bearings were 
taken by the Adcock goniometer; 
these bearings are plotted by the 
dashed line, and it is seen that 
they did not change by more 
than one or two degrees. This 
test shows conclusively that direc¬ 
tion errors with the ordinary radio 9 g—Two Hpcciul forms of antennas 

compass are due to the wave showing marked direetional properties, 
coming down from the sky. 

It is of course to be appreciated that the voltage picked up by this 
Adcock system is very small compared to that picked up by a coil of 
many turns; it is therefore necessary to use an amplifier with high gain 
if weak signals are to be picked up. Of course this is not really a serious 
drawback because radio compass bearings are never required unless the 



To ri'i'fivcr 



Tinif O.M.T. 


Fig. 97.—Comparative performances of an ordi¬ 
nary coil direction finder and the si)ecial one 
shown in Fij?. 90. 
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ship is within reasonable distance of the station, so that the signals will 
be reasonably strong. The one case when the inefficiency of this antenna 
might work harm is in trying to locate a distress call; this might be from 
a ship hundreds of miles away and the signal thus weak. Even this, how¬ 
ever, does not seem to be enough of a serious drawback to prevent the 
adoption of this type of compass station. 

Special Directional Antennas of Chireix and Mesny. —Two antennas 
of unusual design have recently come into great prominence; they are 
due, according to Ballantine,^ to the French engineers Chireix and 
Mesny. The first one shown at A, Fig. 98, uses a series of horizontal and 
vertical members, each a half wave length long, except the end sections, 
which are only a quarter of a wave length long. The voltages set up in 
the vertical members all alternate in the same phase for waves coming at 
right angles to the plaiK' of the antenna, and hence standing waves (with 
relative current directions as shown in the 
diagram) are set up, and the receiver is 
connected from a voltage loop to ground. 

The standing wav(‘s will be set up only if 
the vertical membcTs all receive their im¬ 
pressed voltag(\s in the same phase, and 
this can be so only if the wave is coming 
broadside on the antenna. Furthermore, 
only those waves having a length equal to 
two of the antenna members will be able 
to set up the resonance condition. This 
then is a highly directive and selective 
antenna and is the one used to receive transatlantic radio telephone 
waves. (See p. 845.) 

Th(‘ oth(‘r type of antenna, shown at B of Fig. 97, uses two wires made 
up of right-angled sections, each one-half wave length long. It will receive 
e(iually wtdl waves coming from the sky, or waves coming horizontally, 
according as its plane is vertical or horizontal. 

An antenna made up of one section of this type of antenna is described 
by Bruce,“ who shows it to be highly directive and selective. A plan and 
elevation of (he antenna are shown in Fig. 99 A and B. Fig. 100 shows a 
perspective view of one of these antennas, and P^igs. 101 and 102 show 
the directivity of the antenna in vertical and horizontal planes. For these 
figures the “ tilt angle was 65°, the length of each section of the diamond 
was four wave lengths, and the height above ground was one wave length. 
All these factors enter into (he type of directivity obtained. 

The two wires are connected together at one end through a proper 

»l.R.E., Sept., 1928, p. 126. 

2 B.S.T.J., Oct., 1931, p, 65C. 



Fig. 99.—An antenna (credited 
to Bruce) which is similar to 
one section of (lie antenna 
showm in Fig. 98-B. 
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resistance (a so-called terminating impedance), and the receiver is connected 
between them at the other end. The advantages of this type of antenna 
are, according to Bruce: 

(1) The directivity of the horizontal diamond antenna can be aimed 
to some extent, at the most desirable vertical angle, by selecting the proper 
tilt angle, <f). 

(2) The high angle directivity tends to discriminate against local 

disturbances, such as 
automobile ignition 
systems, etc. 

(3) The horizontal 
antenna is stable against 
changing weather con¬ 
ditions, as horizontally 
polarized waves, com¬ 
ing from above, are less 
affected by ground con¬ 
dition. 

Of course the use of 
an antenna of this type, being directive for a wave coming from the 
sky and having a horizontal electric field (instead of vertical as required 
for the ordinary antenna or that shown in Fig. 97) assumes that the 
horizontally polarized wave of the signal is as intense as the wave with 
vertical polarization. This seems to be generally true. 

(4) It is possible to use the same antenna (and it is being used) to 
send and receive on different 
wave lengths, not possible with 
other types of directive arrays. 

Arrays of Wave Antennas.— 

At Houlton, Maine, the Amer¬ 
ican end of the 5000-meter 
transatlantic radio-telephone 
channel, great ingenuity has 
been expended in designing an 
antenna system which shall 
pick up sufficient of the minute 
signal energy which reaches 
this side of the Atlantic and shall at the same time pick up a minimum 
amount of atmospheric and other disturbances. In other words, a highly 
directive antenna of large dimensions was required. Because of the 6000- 
meter wave length the type of directive antenna shown in Fig. 98 cannot 
be used. 

So-called wave antennas are used; long wires are strung in lines of 


90 ® 60 ® 80 ® 
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Vertical directivity 

Fio. 101.—Vertical directivity of a Bruce an¬ 
tenna. 



Fig. 100.—Perspective view of a Bruce antenna. At the 
end opposite to the receiver the two antenna wires 
are joined by an absorbing resistance, instead of being 
connected directly together. 
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poles parallel to the direction from which the signal waves are coming. 
One such wire alone gives considerable directivity, but by using four of 
them properly spaced and connected together by suitable phase-changing 
circuits, etc., the undesired signals and atmospheric disturbances have 
been greatly reduced and the signal intensity raised. The combination 


of antennas used is shown in 
Fig. 103; from this dimen¬ 
sioned plan it will be realized 
that a directive antenna for 
long waves is large and ex¬ 
pensive. In Fig. 104 are 
shown the directive properties 
of one of these wave anten¬ 
nas j and of two of them, A 
and C of Fig. 103, acting to¬ 
gether. 

In describing this system* 
the authors state that in mov- 


90 ° 60 ° 30 ° 



Horizontal directivity 


Fig. 102.—Horizontal directivity of a Bruce an¬ 
tenna. 


ing the receiver from New Y"ork to Maine the signal to noise ratio improved 
50 times and that the use of the array of antennas gives an improvement 
over the ordinary antenna, signal to noise ratio, of 100 times. They 
say that using the wave antenna array in Maine, compared to a coil 
antenna used in New Y^ork, is as effective in improving the signal to noise 
, _ , ratio, as the increasing of the 

___ A power of the transmitter in 

1149'; ' ' England 20,000 times. The 

^ I receiving system still gives 

I a readable signal w^hen the 

, ! received field strength is as 

9890 

3673 ' I low as 0.4 microvolt per 

I 

, I cl meter. 

I - - - - - 1 (- I 

j 1149'; ^ D I_I In Cupar, Scotland, the 

Q other end of the transatlantic 
^ 14 784 Receiver channel, a somewhat similar 

Wire* on poles 26 ’hiirh r . 

array of wave antennas is 

Fig. 103.—Array of antennas used in U. S. for re- 

ceiving a transatlantic radio telephone signal, ^ 

employing a wave about 5000 meters long. Diversity Factor in Radio 

Reception.—It was shown in 
Chapter VUI (Fig. 73), that highly directional antennas are used in 
receiving transatlantic radio telephone messages, but in addition it is now 
found advisable to use several of these directional antennas, located some 
distance from each other, all contributing their energy to produce the 
‘ Bailey, Dean, and Wintringham, I.R.E., Dec., 1928, p. 1645. 


Fig. 103.—Array of antennas used in U. S. for re¬ 
ceiving a transatlantic radio telephone signal, 
employing a wave about 5000 meters long. 
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desired signal. To reduce fading and increase the ratio of signal to noise 
R. C. A. Communications, Inc., now employs three spaced antennas for 
short wave reception, each connected to separate receivers. Each receiver 

output is rectified. The 
rectified output of all 
three is sent into a com¬ 
mon resistor, the drop in 
which is used to control 
a locally generated tone 



Fig. 104.—Directive characteristic of one of the an¬ 
tennas of Fig. 103, and of two of them properly eon- 
necte<i together. By using all four the directional 
properties are still further improved. 


(this is for telegraphy). 

Each receiving an¬ 
tenna is aperiodic and 
directive. It consists of 
a two-wire transmission 
line stretched in the direc¬ 
tion from which the signal 
comes. The wires are 
close together, and about 
many horizontal doublets are arranged per- 

Each couples to 


15 meters high. A great 

pendicular to the direction of this line, and in its plane, 
the line by a pair of condenser plates. The doublets are untuned, the 
combination of doublets and transmission line receiving equally well 
waves from 14 to 25 meters. Two 
of these peculiar antennas (sus¬ 
pended on wooden poles), close 
together and extending in the 
same direction, are connected in 
parallel. Three of these double, 
untuned, directive transmission 
line antennas properly spaced 
from one another act to give the 
desired freedom from fading and 
increased ratio of signal to noise. 

The combination increases the 
ratio of signal to noise, for 
European stations, about 32 db. 
over the ratio given by a singh^ 
horizontal doublet.^ 

Effect of Reflections from An¬ 
tennas. —In short-wave radio much work has been done in guiding the 
radiated energy along certain channels; this is readily accomplished 

* “ Diversity Receiving System of R. C. A. Communications, Inc.” Beverage and 
Peterson, I.R.E., April, 1931, p. 631. 



Fig. 10.5.—This diagram shows the locus of 
an idle, reflecting, aniemm for maximum 
signal reception at the receiving antenna. 
D>cu8 H B gave minimum signal, while 
• A-A and C-C gave maxima. 
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when the wave length is 15-40 meters where it would be impossible with 
waves thousands of meters long. 

Hertz, the discoverer of radio communication, explains in his book 
“ Electric Waves how he found it possible to focus the waves generated 
in his laboratory by either reflecting mirrors, or lenses. Some of the com¬ 
mercial schemes, first advocated apparently by Marconi, are almost 
exact replicas of the devices Hertz himself used. 

The simplest device which acts somewhat like a reflector is an unex¬ 
cited antenna, similar to the one being used; it must be placed parallel 
to the one being used and a distance of about X/4 behind it. 

Englund and Crawford ^ investigated the effect of idle antennas in 
the neighborhood of an excited one and so studied the reflections accom¬ 
plished for various positions of the idle antenna. Fig. 105 gives some 
results from their tests; a receiving antenna was held vertical and fixed 
in position, 31 meters away from a vertical 
transmitting antcmna; an idle antenna, similar 
to the transmitter, held vertical, was moved 
into different positions behind the transmitting 
antenna. In some positions it increased the 
response of the receiving antenna and in others 
it decreased it. 

Line A A of Fig. 105 shows the locus of the 
idle antenna to give maximum reading of the 
receiver, this showing a maximum reflecting 
action. It will be noticed that when the reflector 
was directly behind the tran.srnitter its best posi¬ 
tion placed it about X/3 l)ehind the transmitter, 
d'he best distance is generally taken as X/4, and commercial reflecting an¬ 
tennas are so built. 

Line B~B shows the locus of reflector position to give minimum read¬ 
ing on the receiving antenna; here it acted to diminish the forward-going 
signal wave. Line C-C shows a locus of reflector positions for another 
maximum reading on the receiver; the effect of the reflector was not as 
marked as it was when on the locus ^4-.4, showing that the reflector 
sliould be as close to the transmitter as possible. 

The three points marked j, on locus A~A, show the proper position to 
put three reflectors to give reasonably selective radiation along the trans¬ 
mitter-receiver line. 

Radiation from an Array of Short-wave Antennas. —Shelling ^ has 
investigated the radiation pattern of a group of vertical, half wave an¬ 
tennas, backed up by a corresponding set of idle reflectors, of similar 

11.R.E., Aug., 1929, p. 1277. 

*LR. E.,June, 1930, p. 913. 
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, Radiators 

Fig. 106.—Showing an ar¬ 
ray of reflectors behind 
a curtain of transmit¬ 
ting antennas. 
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spacing and dimensions. The idler is shown in Fig. 106; here four couples 
are shown. Each antenna (and reflector) is half wave length long and 
the antennas are placed in a plane, a distance X/2 apart. The correspond¬ 
ing curtain of reflectors is a distance X/4 
behind the antennas. 

Such a scheme tends to concentrate 
its power in front of the antennas, and 
the gain in power picked up by a receiver 
in front of the antenna array (a few 
wave lengths away) varies with the 
number of couples used as shown by 
the curve of P"ig. 107. If all the an¬ 
tennas are excited in the same phase 
the radiation is perpendicular to the 
plane of the array and the gain is given 
by the broadside curve. If every 
other antenna is excited 180° out of 
place, maximum radiation takes place 
in the plane of the array and the gain 
to be expected in this direction, as the 
number of antennas is increased, is given 
by the endwise curve. 

These gains represent the ratio of power picked up by a receiving 
antenna, when a given power is supplied to the array, to the power picked 
up by the same antenna 
in the same position, 
when the same amount 
of power is supplied’.to 
a single vertical an¬ 
tenna in the same posi¬ 
tion as the array. 

In Fig. 108 is shown 
a horizontal plan of the 
radiation distribution 
from an array of 24 half 
wave-length vertical an¬ 
tennas, arranged in a 
curtain, with X/4 sepa¬ 
ration between adjacent 
antennas. The curtain 
of reflectors was a dis¬ 
tance X/4 behind the antenna array. This diagram is from an article by 
Southworth.l ‘B.8.T.J., Jan., 1931, p. 63. 



Fio. 108.—Directivity of radiation from an array simi¬ 
lar to that given in Fig. 106; there were 24 antennas 
and an equal number of reflectors. 
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Number of elements 

Fig. 107.—Showing how the radiation 
in front of such an arrangement as 
given in Fig. 106, varies as the 
number of elements is increased. 
The transmitting antennas all ex¬ 
cited in the same phase for the 
“broadside” curve, and every other 
one 180° out of phase for the ‘‘end¬ 
wise” curve. 
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A commercial arrangement of antenna arrays was shown in Fig. 70 
of Chapter VIII; in each bay (distance between masts) there are about 
50 half wave-length antennas, and behind, at a distance X/4, an equal 
number of reflector antennas. 

Feeding a Short-wave Antenna.—A Hertz antenna may be excited in 
the manner shown in Fig. 72, p. 845, by being used as one member of a 
group all connected together in some way, or it may be fed by an indi¬ 
vidual feeder. Both of these methods have been indicated in Fig. 70, 
p. 937. The scheme in which the power is fed into the middle of the 
antenna, using a two-wire transmission line, has often been called cur¬ 
rent feed the other scheme shown in Fig. 70 is added a voltage feed.^^ 
There was some justification, possibly, for these ambiguous terms owing 
to the fact that it 
was thought that 
the single wire feed^ 
required a high volt¬ 
age and the center 
feed required much 
more current than 
the other. There is 
not actually much 
difference between 
the two methods, 
when each is prop)erly 
adjusted. The single 
feed line is really a 
double one; the earth 
serves as the other 
side. 

The surge im¬ 
pedance of a two-wire transmission line is around 700 ohms, and the 
resistance of a Hertz antenna measured at its middle point, is about 70 
ohms. As the load on the end of a high-frequency transmission line should 
match the surge impc'dance of the line, it is necessary to use a step-down 
transformer as shown in Fig, 70; it should have a ratio of about 
3 to 1. 

The ratio of voltage to current (at a given point) in a Hertz oscillator 
varies from a small value at the middle (where voltage is low and 
current high) to a high value near the end. Now the ratio of voltage to 
current in a circuit is its impedance at that point, so we may say that the 
input resistance of the Hertz antenna varies from a small value near the 
middle to a high value near the end, A single-wire feeder should then 
attach to the antenna at such a point that the apparent resistance of the 



Feeder— 16 •* •* 12 wire 

Fig. 109.—Current distribution in antenna and feeder of a 
single wire fed Hertz antenna. 
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antenna is equal to the surge impedance of the feed line, which is a few 
hundred ohms, depending somewhat on the size of the wire. 

When the feeder is connected to the proper point of the antenna there 
will be no reflection of current at the junction point, which means that 
there are no standing waves on the feeder. PJveritt and Byrne ^ have 
investigated this point, and Fig. 109 shows some of their results. 

To know when resonant frequency is being impressed on the antenna 
they advise measuring the current in the antenna at either side of the 
feed point, with the feeder connected somewhere near the center of the 
antenna; the value of these currents should be the same. To find the 
right point of attachment the feeder should be moved back and forth 
until there is no standing wave of current in the feeder. When the am¬ 
meter reads the same current all along the feeder there are no standing 
waves, and the feeder is properly connected. They show an ingenious 
scheme, using a trolley, by which the feed(u* eurreut (or a definite fraction 
of it) is easily measured without opening the feeder. 

In Fig. 109 there are given six diagrams of current distribution in both 
feeder and antenna, as the point of feeder attachment was moved along. 
The frequency impressed on the feeder gave a 37-m(‘ter wave; this is the 
proper wave for an 18-meter antenna oscillating at half wave length. 
It will be noticed that the current distribution in the antenna is a half 
sine wave for all points of feeder connection, but that it is a maximum 
when the feeder is attached 2.5 meters from the C('nter; here the antenna 
current (at the center of the ant(mna) is 0.75 ampere while the feeder 
current is only 0.2 ampere. This value of 0.2 anipc n' is the same all along 
the feeder for this connection point; for all other points of connection the 

magnitude of current in the fcH'der was 
different at different points. In Pdg. 110 
is shown the variat ion in maximum antenna 
current as the point of feeder attachment 
was moved along. According to the re¬ 
sults of tests reported by these expiTi- 
menters, the f(‘eder can have a length 
many times th(‘ wave length of the radiated 
power, without serious loss of power in the 
feeder its(*lf. 

Radio Beacons. —The airways of the 
world today are using radio as an im¬ 
portant aid in navigation. The trans¬ 
mitter, on the ground, consists of two 
single-turn loops, at right angles to each other, as shown in Fig. 111. 
These loops may be several hundred feet long and about 50 feet high. 
The vacuum-tube power-supply circuit is connected first to one antenna 

11.R.E., Oct., 1929, p. 1840. 



Fig. 110. —Variation of maximum 
antenna current with position 
of feeder connection. 
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and then to the other, by a motor-driven key, using designated letters 
of the alphabet, one for each loop. The radiation from each loop is of 
the figure eight form as shown in Fig. 20, p. 886 and indicated again in 
Fig. 113. In the shaded zones both loops give about the same power. 

These beacon stations are about 200 miles apart, and their radiation 
patterns are arranged to fit into one another as shown in Fig. 114, which 
shows one airway in the eastern part of the United States. An airplane 
leaving one zone is presumably able to pick up the next beacon. 

It is possible to use two vertical antennas, instead of the loops of Fig. 

Ill, to obtain directional radiation. It has been shown (p. 886) that the 

loop gives maximum radiation in its 

plane, due to the interfering action of 

the currents in its two sides, these 

currents being 180'^ apart in phase. 

Of course, considering the loop as a 

whole the two currents are in phaf^e 

but considering each side of the loop 

as a vertical antenna the two currents _ ,i, a ^ 

Q . r in. 111.—Arrangement of transmit- 

are 180 out of phasCy one being up antennas for an airway 

while the other is down. t>eacon station. 

Fig. 112 shows how it is possible 

to get this effect without constructing an actual loop. The two self- 
supporting steel towers, A and By may be 150 feet high and several 
hundred feet apart. 'Fhey are insulated from ground, and are connected 
together at their bases by the wire, a, a, shown as an open wire in this 
diagram, but which may be run in a suitable conduit of copper pipe. 
The coil C permits coupling the radiating system to the power supply, 
preferably located in a house midway between the towers. This con¬ 
nection scheme evidently re.sults in the currents in towers A and B 
having 180° phase separation; by tuning the system A, a, C, a, B to the 
desired frequency, an efficient directive radiator is obtained. One pair of 
towers tak(iS the place of each loop of the arrangement of Fig. 111. 

We refer again to Fig. 113 to show the scheme of signaling. The motor- 
driven key sends the dash of the letter n ” on loop ED and then the dot 
of the letter ‘‘ aon loop BC\ next it sends the dot of the letter “n’’ on 
loop ED and lastly the dash of the letter “a” on loop BC. The result 
is that in the positions marked dash zone'' where the a and the ‘‘ n ” 
are equally loud, and interspersed as descril>ed above, they are not heard as 
separate letters but as one long dash. If the plane veers to one side or the 
other of its proper course (the dash zone) either the “ a or the n be¬ 
comes readable out of the dash, and the pilot knows which way to bear 
to get back on the course.^ This sequence of ‘‘a” and is continu¬ 
ally repeated. 
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The latest type of airway beacon service ^ uses a goniometer transmitter 
of the same type as that shown in Fig. 113 but sends out on both loops 
all the time, one loop with a modulation of 65 cycles and the other 
modulated at 86.7 cycles. The receiver on the plane is equipped with 

two reeds excited by 
the output tube, one 
reed being mechanically 
rt^sonant at 65 cycles 
and the other at 86.7 
cycles. 

The system operates 
as shown in Fig. 115. 
When the plane is on its 
course the two reeds vi¬ 
brate equally; but as it 
veers to one side or the 
other, one reed increases its vibration and the other decreases. The dif¬ 
ference in vibration amplitudes indicates how far the ship is off the course. 

In a further development of this modulation scheme a 12-course beacon 
has been developed, which uses three goniometer loops at the transmitter, 
modulated at different frequencies, 
and a receiver on the plane which 
has three reeds, instead of two. 

By the use of special windows and 
shutters in front of these reeds 
the operator can tell whether he 
is on one of these 12 courses 
within 2°, and which way he is 
flying on it.- 

Dellinger states that up to 75 
miles this visual airway beacon 
navigation is accurate; from 75 
to 125 miles variations up to 
10 ^-20° occur, first in one direction 
and then in the other, but that 
a skilled opt^rator can allow for 
this variation and still stay on 
the course, and that even up to 

200 miles distance the beacon is quite good and can be used if reasonable 
allowance for variations is made. 

‘ Dellinger, Diamond, and Dunmore, I.R.E., May, 1930, p. 796. 

* Dunmore, I.R.E., June, 1930, p. 963; and Diamond and Kear, I.R.E., June, 1930, 
p. 939. 


Danh 

zone 



Fia. 113.—Distribution of radiation from 
the system shown in Fig. Ill; one loop 
is modulated to send out the letter a and 
the other to send the letter n. 



Fia. 112,—A possible directive radiating system to 
take the place of one loop of Fig. 111. Power is 
supplied by coupling the ix)wer set to coil C. 
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A radio system to permit a flier to make a blind landing at an avia¬ 
tion field has now passed the experimental stage. ^ By the use of three 



Fio. 114.—Showinf]^ how some of the airway beacons in the U. S. interlock. 


special transmitters properly located on the field, by using the regular 
range receiver both visually and orally, and by the additional use on the 
plane of a special short 
wave receiver, it has been 
possible to land a plane 
successfully without the 
pilot seeing the ground. 

Setting up the Steady 
State in an Antenna.—It 
has been noted previously 
that after the sending key 
is depressed it may be an 
appreciable time before 
the current reaches the 
value predicted by the 
steady state equations; 
some of the effects ob¬ 
tained are shown in Figs. 

116, 117, and 118. These 
oscillograms were ob¬ 
tained on an artificial 
antenna having inductance 
and capacity great enough 
to reduce the natural fre¬ 
quency to such a low value that the ordinary oscillograph could easily 

‘ A radio beacon and receiving system for blind landing of aircraft.—Diamond 
and Dunmore, I.R.E., April, 1931, p. 685. 



Fig. 116.—Tvi)o of radiation ami showing of the vibrat¬ 
ing ree<i indicator for the “visual” airw’ays beacon. 
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B the voltage at the middle and C the voltage at the open end. Voltage impressed = 20, 
at the end of the artificial antenna = 345. 
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record the voltages and currents. In getting the film shown in Fig. 116 
the impressed frequency was such as to set the artificial antenna into 
quarter wave-length oscillation; the three curves on the film show the 



Fig. 117. —Here the artificial antenna was forced to vibrate at three times its funda¬ 
mental frequency; it will now be noted that the voltages at B and C are in opposite 
phase in the steady state. From the film it can be seen that the original pulse 
arrives at C one-half a cycle after passing {K)int B. 
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Fig. 118.—While the steady state is being set up some sections of the antenna may 
have voltages greater than the steady state values. 
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on the antenna, and the current set up in the antenna is 
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voltage impressed, voltage half-way along the antenna, and voltage at 
the open end. They are not shown in the film to the same scale, as the 
voltage at the open end measured 345 volts, that at the middle 212 volts 
while the voltage impressed was only 20 volts. 

It took this artificial antenna about 20 cycles to obtain its steady 
state values; in an actual antenna it may take 100 cycles or more before 
the steady state is reached, i.e., before normal radiation is established. 

By examination of the film it may be seen that the voltage at the base 
(a nodal point) is 90° out of phase with the voltage at the end of the 
antenna; this is in accordance with the ideas brought out in discussing 
Fig. 81. 

In getting the film of Fig. 117 the frequency was increased to three 
times the value for quarter wave-length oscillation. It may be found 
from measurement of the film that it took the first pulse three-quarters of 
a cycle to travel from the bc^ginning of the antenna to the end. Further¬ 
more, it may be noted that in the steady state the voltage at C (end of 
antenna) is 180° out of phase with the voltage at as predicted in Fig. 
81, and voltage at A is 90° out of phase with the voltage at B. 

In establishing the steady state it may happen that certain sections of 
the antenna built up to a voltage higher than the steady state value; 
this is indicated in Fig. 118 in which the impressed frequency had no 
particular relation to the fundamental frequency of the antenna. 

Effect of Pulse Excitation of an Antenna.—In Fig. 119 is shown the 
effect of putting a square pulse of current into the antenna and then 
disconnecting the antenna from earth; an oscillatory current is set up in 
the antenna (as shown by the middle curve) the frequency of which for 
the conditions used is that of the half wave-length oscillation of the 
antenna. Thus pulses of static always excite an antenna to oscillate 
at its natural period. 

Effect of High-speed Signal Transmission.—As has been previously 
noted one of the chief advantages of continuous wave sending, as compared 
with spark, or dami)ed-wave excitation, is the gn\ater selectivity available, 
and consequent diminution in interference. But as automatic sending 
and receiving is developed the tendency is to increase the speed and it is 
to be noticed that continuous wave sending approaches spark wave sending 
in character as the speed is increased. The width of the resonance curve 
at a distant receiving station increjiscs as the dashes and dots are made 
shorter, and follow one another in more rapid succession. 
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Amplification and Its Measurement. —If we put into a device a certain 
amount of power Pi and, by the operation of the device itself, get out of 
that device a different amount of power Pz of corresponding variation, 
the device must be either a source of energy, or an energy sink. If Pz 
is greater than Pi there must be some local energy supply, the output of 
which is controlled by the amount of potver Pi supplied to the device. 
If there is no local supply of energy (which is or can be transformed into 
electrical energ}'), then Pz must be smaller than and this means that 
part of the input power Pi has been used up, that is, transformed into 
some other type of energy, in pasvsing through the device. The ordinary 
attenuator, or circuit for using up a definite known proportion of the 
power supplied to it, is of this sort. 

The ordinary vacuum-tube circuit evidently constitutes an amplifier; 
the input to the grid circuit is only a small fraction of the amount of power 
sent off from the plate circuit. A microphone also is an amplifier, although 
of a different sort. This device takes in power in the form of sound waves 
and sends off a much greater amount of corresponding power in the form 
of voltage and current and is thus a converter as well as an amplifier. 

It is to lx? noticed that a transformer which, by virtue of the different 
number of turns in 'the two windings, rais(*s th(‘ voltage of a power supply 
is not an amplifier. The amount of pow(T which can be taken from the 
secondary of a transformer is less than the amount of power supplied to 
its primary, hence it is really an attenuator, even if it does increase the 
voltage many times. 

The scheme of amplification measurement which is now universally 
used in electrical communication, and sound measurement, is bas(*d upon 
a logarithmic series, and the unit of amplification is taken as the heL 
A device gives an amplification of 1 M when the two powers Pz and Pi 
have a ratio of ten. The numlx?r of Ixds of amplification is given by the loga¬ 
rithm to the base ten, of the power ratio. Thus: 


Number of bels = login 


Pj 

p7 


( 1 ) 


Formerly the communication engineer used the mile as his unit of attenua- 
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tion or amplification. A certain type of telephone cable, made exactly 
according to fixed specifications, was used to attenuate P 2 to bring it 
down to the Pi level. The number of miles of the cable required to thus 
equalize the two powers was given as the measure of P 2 in terms of Pi. 

Now the bel is too large a unit for many purposes, so the decibel (db) 
is now always used as a measure of amplification. As this unit is quite 
evidently one tenth of a bel, we have, as ttie fundamental definition of the 
present amplification scale 


Number of decibels = 10 logio 

Pi 


( 2 ) 


The decibel is practically the same as the formerly used mile of attenuation. 
It so happens that this unit, the decibel, has a physiological significance; 
if one sound is 1 db more powerful than another the average ear can just 
about detect the diff(Tence. The louder sound has about 25 per cent 
more power than the other. 

This rather large change in power required to affect the ear (and a 
similar effect exists with the eye) is probably due to the fact that the ear 
and eye are very flexible measuring instruments; as the stimulus exciting 
them increases they automatically cut down their sensitivity by some 
physiological adjustment. If it were not for this characteristic, it would 
be impossible for them to respond, without discomfort, to such a great 
range of stimulus. Thus the ear can accommodate itself to weak sounds 
(and hear them satisfactorily) which have one-millionth as much pressure 
as the loudest sound that can be listened to without discomfort. Any one 
familiar with ordinary measuring instruments knows that it is impossible 
to read on the scale any effect smaller than one-thousandth of full-scale 
reading; it thus appears that the ear and eye have a range in intensity 
response which is one thousand times as great as that of any ordinary 
measuring inst rument, 

In the accompanying table are given the power ratio equivalents for 
a wide range of decibels, abbreviated db. If one power is greater than 
another it is said to be up .so many decibels or plus so many decibels; 
if it is smaller it is down or minus so many decibels. Thus 5 watts, com¬ 
pared to 1 watt, is 7 db up or +7db, and the 1 watt, compared to the 
5 watts is down 7 db or —7 db. 

It will be noticed that this scale of amplification is based on power 
ratio, but it is often used also for voltage and current ratios, with the 
understanding, however, that the two quantities compared are acting on 
(or through) the same resistance. Acting on the same resistance the 
power used varies as the square of the voltage so that if one voltage is 
10 times another the power used will be 100 times as great. Hence, if 
an output voltage is ten times the input voltage, the amplifier which is 




976 


AMPLIFIERS 


[Chap. X 


N umber 
of db 

Power Ratio 

Number 
of db 

Power Ratio 

Number 
of db 

Pow ER Ratio 

Gain 

Loss 

Gain 

Loss 

Gain 

Loss 

0.1 

1.023 

0.977 

3.6 

2.29 

0.437 

7.1 

5.13 

0.195 

0.2 

1.047 

.955 

3.7 

2.34 

.427 

7.2 

5.25 

.191 

0.3 

1.072 

.933 

3.8 

2 40 

.417 

7 3 

5.37 

.186 

0.4 

1.096 

.912 

3 9 

2.45 

.407 

7.4 

5.50 

. 182 

0.5 

1.122 

.891 

4 0 

2.51 

. 398 

7.5 

5.62 

.178 

0.6 

1.148 

.871 

4 1 

2.57 

.389 

7 6 

5 75 

.174 

0.7 

1.175 

.851 

4.2 

2.63 

.380 

7 7 

5 89 

.170 

0.8 

1.202 

.832 

4 3 

2.69 

.372 

7 8 

6 03 

. 166 

0.9 

1.230 

.813 

4 4 

2.75 

.363 

7 9 

6 17 

162 

1.0 

1.259 

.794 

4 5 

2.82 

.355 

8 0 

6 31 

. 158 

1.1 

1.288 

.776 

4 6 

2.88 

.347 

8 1 

0.45 

.155 

1.2 

1.318 

. 759 

4.7 

2.95 

.339 

8 2 

6.61 

.151 

1.3 

1.349 

.741 

4 8 

3 02 

.331 

8 3 

6 76 

.148 

1.4 

1.380 

.724 

4.9 

3 09 

. 324 

8 4 

6 92 

. 144 

1.5 

1.413 

.708 

5 0 

3 16 

.316 

8 5 

7 08 

. 141 

1.6 

1.445 

. 692 

5 1 

3 24 

.309 

8 6 

7 24 

138 

1.7 

1.479 

.676 

5 2 

3.31 

. 302 

8 7 

7.41 

. 135 

1.8 

1.514 

.6()l 

5 3 

3.39 

. 295 

8 8 

7 59 

132 

1.9 

1.549 

.645 

5 4 

3.47 

.288 

8 9 

7 76 

129 

2.0 

1.585 

.631 

5.5 

3.55 

.282 

9 0 

7 94 

.126 

2.1 

1.622 

.617 

5 6 

3 63 

.275 

9 1 

8 13 

.123 

2.2 

1.660 

. 603 

5 7 

3.72 

.269 

9.2 

8 32 

. 120 

2.3 

1.698 

. 589 

5.8 

3.80 

. 263 

9 3 

8 51 

118 

2.4 

1.738 

. 575 

5 9 

3.89 

.257 

9 4 

8 71 

.115 

2.5 

1.778 

.562 

6 0 

3.98 

.251 

9.5 

8.91 

.112 

2.6 

1.820 

. 550 

6 1 

4.07 

.245 

9 6 

9 12 

.110 

2.7 

1 862 

. 537 

6 2 

4 17 

.240 

9 7 

‘9.33 

107 

2.8 

1.906 

. 525 

6 3 

4 27 

. 234 

9 8 

9 55 

. 105 

2.9 

1.950 

.513 

6 4 

4 37 

. 229 

9 9 

9 77 

. 102 

3.0 

1 .995 

.50P 

6.5 

4.47 

. 224 

10 0 

10 00 

.100 

3.1 

2 04 

.490 

6 6 

4 57 

.219 

20 0 

100 

01 

3.2 

2.00 

.479 

6 7 

4 68 

.214 

30.0 

1.000 

.001 

3.3 

2.14 

.468 

6 8 

4 79 

. 209 

40 0 

10,000 

.0001 

3.4 

2.19 

.457 

6 9 

4 90 

.204 

50 0 

1(X).000 

.00001 

3.5 

2.24 

.447 

7 0 

11 

5 01 

.200 

60 0 

1,000,000 

.00000 


raising the voltage this amount is delivering 100 times as much power as 
it is taking in and is therefore giving a power amplification of 20 db. 

For powx'r ratios not directly readable from the tables tlu? values there 
given are used just as are ordinary logarithms. If one power is 162 times 
another the decibel ratio is not directly readable. However, 162 is equal 
to 100X1.62; now the decibel corresponding to a power amplication of 
100 is 20, and the decibel corresponding to a power ratio of 1.62 is 2.1, 
so the decibel number corresponding to a power amplification of 162 is 
equal to 20+2.1 or 22.1 db. Again, if a power of 1 watt is attenuated 
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to 2 milliwatts the power ratio is 0.01X0.2, and each of these can be taken 
from the table. In this case it is 20+7 = 27 db down, or —27 db. 

Reference Power for Amplification Table. —The decibel table given 
above rates one power in terms of another but of course tells nothing 
about the amount of power involved. “ Zero level ” has been taken in 
communication measurements as 0.006 watt, 0.010 watt and 0.012 watt 
(even as late as 1930), but is now taken as 0.001 watt.^ Thus if a tele¬ 
phone channel is 10 db up its power is 0.01 watt; if it is 15 db down it is 
0.0000316 watt. 

In rating microphones, zero level is taken as the output of a micro¬ 
phone which delivers 1 volt (open circuit) when the sound wave has a 
pressure of 1 dyne per square centimeter (1 bar); ratings of microphones 
given in this way are shown in Figs. 15, 20, and 21 of Chapter VIII. 
In Fig. 15, e.g., at 5000 cycles the microphone is rated as —48 db, and in 
the same curve thi^ is given as 0.004 volt. Now 4 millivots, on a certain 
resistance, will develop 0.000016 as much power as will 1 volt. This 
power ratio is then 100.16. The first factor corresponds to 40 db and 
the second to about 8 db, so that 0.004 volt is 40+8 = 48 db down, and 
this is what the decibel scale of the curve sheet reads. 

One antenna is said to be 17 db above another; the 10 db gives a power 
ratio of 10 and the 7 db gives a power ratio of 5, so the power ratio is 
10X5 = 50. The power picked up by a receiving antenna varies with the 
square of the field strength. The value of \/50 is 7.07, hence we find that 
the 17-db antenna gives a field strength 7.07 times as much as the other. 

Amplifiers in General. —An amplifier is, as the name implies, an 
apparatus for incrc'asing the strength of incoming signals. It performs, 
in modern radio communication, and also in ordinary wire communication, 
a very important function, in so far as it makes possible the detection of 
very fi^eble signals and thus increases the practical range of transmission. 

The reader is already familiar with the fact that the signals received 
in radio transmission consist of very high-frequency currents and voltages, 
which may be of constant or varying amplitude, depending upon the system 
used. 4'hese signals are generally “ heard in telephone receivers by 
first reducing the frequency of the incoming currents and voltages from 
a very high value to an “ audible value,^' and thereafter causing the 
“ audio frequency currents to flow through the receivers. In using an 
amplifier either of the following two schemes may be resorted to: 

(а) The amplifier may Ix' so connected that the incoming high- 
frequency currents and voltages are first strengthened and thereafter 
K duced in frequency. 

(б) The amplifier may be so connected as to strengthen the currents 
and voltages after they have Ix^en reduced in frequency. 

* Everitt, “Communication Engineering,*^ McGraw-Hill Co., 1932. 
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(c) In another scheme the high-frequency currents from the antenna 
are amplified to some extent and then reduced in frequency about 10 to 1, 
and are again amplified. This frequency is still far above audibility and 
is called an intermediate frequency. After one or more steps of amplifi¬ 
cation at this intermediate frequency the signal is reduced in frequency 
to audibility and again goes through one or more steps of amplification. 

The above forms the basis of the division of amplifiers into three 
general classes, i.e., high-frequency,’' intermediate frequency," and 
low-frequency." 

While these three general types of amplifiers are fundamentally the 
same, yet the constants of the apparatus used in their construction are 
often so different that they cannot, in general, be used interchangeably. 

The amplifiers used in radio communication consist invariably of 
one or more multi-electrode vacuum-tubes with other suitable apparatus. 
As a matter of fact, it was not until the advent of the vacuum-tube that 
suitable amplifiers could be constructed and operated. The character¬ 
istics of a good amplifier should be such that the signal currents are 
strengthened without any distortion; the vacuum-tube can be made to 
fulfill these conditions admirably, and it is practically the only apparatus 
which can. It will be noted from this brief outline that an amplifier 
must be akin to a trigger which, actuated by the very weak voltages 
impressed by the antenna, releases from a local energy supply an amount 
of energy much greater than that actuating the antenna. The suitability 
of the three-electrode tube for this purpose is at once evident from the 
analysis of its action given in Chapter \T. 

The General Characteristics of Triodes. —These have been quite 
thoroughly discussed in (’hapter VI; on pp. 703 et seq. the possibility 
of using a tube as an amplifier was pointed out and an elementary 
analysis given. 

The static " relation between the plate current and grid and plate 
potentials was shown to be expre.ssible by 

//, = A .(3) 

and it was also pointed out that, for small variations in the tube poten¬ 
tials, the exponent might be treated as unity. 

It was further shown that, if a sufficiently small sine wave e.m.f. was 
impressed on the grid, the pulsations in the plate current would be sinu¬ 
soidal in form, and the constant (1/A) acquires the significance of alter¬ 
nating current plate circuit resistance.". 

We then have the equation which was used throughout Chapter VI 
in analyzing tube action, i.e.: 


(4) 
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where /p = effective value of alternating component of plate current; 

/?p = a.c. plate circuit resistance; 

= effective voltage of alternating component of grid voltage; 

Ep = effective value of alternating component of plate voltage. 

We must point out again the limitations of the applications of this 
relation. The steady values (c.c. components) of grid and plate poten¬ 
tials must be so chosen that, for the value of Eg impressed the linear 
relation of Eq. (4) holds good. This requires in general that Eg and Eb 
of Eq. (2) above be properly related. 

As pointed out on p. 705 et seq. and illustrated by the curves of Fig. 
263, p. 710, when there is considerable outside impedance in the plate cir¬ 
cuit the plate current changes linearly 
with respect to Eg over much wider 
ranges than might be judged from the 
static characteristic. This is conven¬ 
tionally illustrated in Fig. 1. With no 
external resistance in the plate circuit 
the static characteristic of a tube might 
be as shown by curve A , whereas if a 
resistance is put in series with the plate 
(about equal to Hp) and the plate volt¬ 
age Eb be increased sufficiently to 
make h (for Ey = 0) the same as for 
curve A, then curve H will be obtained, 
which is evidently of such a shape as 
to satisfy Eq. (4) over a change in Eg 
from perhaps —4 volts to zero. 

Hence if a constant biasing po¬ 
tential of —2 volts is applied to the 
grid of a tul>e having the character¬ 
istics of curve By Fig. 1, would operate 
satisfactorily with an impressed alternating grid signal of 2 volts maximum 
value. 

It will be noticed that, even with the grid potential positive, curve 
B is still nearly straight so that it might seem possible to operate the tube 
satisfactorily with signals sufficiently intense to make the grid swing posi¬ 
tive. Such is not generally the case, however; if the grid is allowed to become 
positive it takes current (it takes negligible current as long as it is neg¬ 
ative), and, as will be explained later, this may seriously interfere with 
proper amplification. 

In order to keep the grid of an amplifier suitably negative either a 
small dry battery may be inserted in the grid-leak resistance circuit, or 



Fig. 1. —Showing the effeot on the 
plate eurrent- grid potential curve 
of a tiitie of putting external resis¬ 
tance in the plate circuit; a tube 
which l)y itself gives characteristic 
Ay will give characteristic B if suffi¬ 
cient external resistance is put in the 
plate circuit and the voltage in this 
circuit suitably increased. 
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the leak resistance may be attached to a point in the filament circuit 
which is sufficiently negative with respect to the filament. These two 
schemes are indicated in Fig. 2, a and 6; in scheme h an extra resist¬ 
ance R is put in series with the filament having such a resistance that 
when the normal filament current flows through it the IR drop is the 

required amount. In 
some multi-stage ampli¬ 
fiers (several tubes repeat¬ 
ing one into the other) the 
filaments are all con¬ 
nected in series, and in this 
case, the filament of the 
pn'ceding tube may serve 
as the resistance Ry as 
indicated in Fig. 3. 

In the operation of 
tubes as amplifiers the 
following quantities play 
a very important part: 

(a) A.C. resistance of plate to filament, or output circuit of tube. 

(b) A.C. resistance of grid to filament, or input circuit of tube. 

(c) Capacity of grid to filament under static conditions and under 
actual operating conditions. 

(d) Capacity between grid and plate. 

(e) In a few circuit 
arrangements capacity 
from plate to ground. 

All of the above 
quantities have been 
fully discussed in 
Chapter VI, and the 
reader will do well, 
before proceeding with 
the study of this 
chapter, to go over the 
fundamental principles 
of three-electrode tubes 
as outlined in the begin¬ 
ning of Chapter VI. The fact should here be emphasized that in the case 
of a triode the capacity of the grid to filament, while small under static 
conditions, may attain comparatively large values under actual operating 
conditions. Again the circuit from plate to filament or grid to filament 
is made up of a resistance in multiple with a capacity, and, while ordinarily 



Fio. 3.—In case several tubes are used in cascade it is 
possible to connect all filaments in series and connect 
the leak resistances behind the filament of the preced¬ 
ing tube. This makes the K^'id of each tube ncRative 
with resi)ect to its filament by an amount equal to the 
/R drop of the filaments. 




Fig. 2. —To keep the grid of an amplifier tube negative' 
either a small battery of dry cells may be used (a) 
or a resistance inserted in the negative leg of the 
filament may be employed (6). 
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the impedance of either circuit is practically equal to its resistance, there 
are cases when the frequency is high enough to make the impedance much 
less than the resistance. That is, the capacity reactance of the circuit, 
shunting the resistance, may be low enough to determine the impedance 
of the path. 

Effect of External Resistance in the Plate Circuit. —As pointed out 
in Chapter VI the function of a triode when used as amplifier is to make 
available in the external plate circuit a voltage similar to that impressed 
on the grid, and as much larger as feasible. The amount of increase 
depends upon the /x of the tube used, and on the impedance introduced 
in the plate circuit. 

If a resistance H is put in the external plate circuit the total impedance 
of the plate circuit is Rp-\-Rj on the assumption that the effect of the tube 
capacity is negligible. The magnitude of alternating current set up in 
the plate circuit by a sine voltage acting between grid and filament 
is given by 


Rp-\~R^ 


( 5 ) 


and this alternating current flowing through the resistance R gives an 
available voltage in the plate circuit of 


I pR = EyfX 


R 

Rp+R' 


( 6 ) 


This is indicated in Fig. 4, and experimental curves showing how the 
amplifying power of a tube varies with the value of R used are given in 
Fig. 260 of (4iapter VI. 

It is evident that if resistance is used 
in the plate circuit, more voltage must be 
supplied by the B battery to maintain 
the plate voltaeje at its proper value. 

Unless this is done the expected amplifica¬ 
tion M R/(Rp+R) does not increase with 

R as rapidly as might be expected be- ^ 

cause as R is increased the plate voltage 

(which is equal to Eb — ItR) decreases Fig. 4. — Amount of amplified voltage 
and, as pointed out on p. 518, this gives with resistance in plate circuit., 
an increase in Rp. Hence if resistance is 

used in the plate circuit of an amplifying tube the B battery e.m.f. must 
be considerably greater than rated plate voltage of the tube, ordinarily 
two or three times as much. If the external resistance R is taken 
equal to the tube resistance Rp the B battery must have a voltage about 
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50 per cent greater than the rated plate voltage of the tube, and the 
amount of voltage amplification obtainable is /i/2. 

The effect on the amplifying power of a tube of having the grid at 
different potentials, is well brought out by the curves of Fig. 262, 
p. 707. It is there seen that not only must a proper plate resistance 
be used, but also the grid must be at a proper average potential if the 
maximum possible amplification is to be obtained. 

Effect of Reactance in the Plate Circuit. —If we use in the plate circuit, 
a low-resistance reactance, instead of a resistance, the amplifying qualities 
of the tube are much better. Thus if we put in series with the plate, 
Z = R-{-jo:Ly we shall have 


and hence the available drop in the external circuit is 




Z 






( 7 ) 


It is to be pointed out 


here that R and L are the a.c. constants 
of coil Z, measured under the con¬ 
ditions which obtain in the actual 
use of the coil; i.e., R and L must 
be measured in an a.c. bridge (or 
similar scheme) with the frequency 
and magnitude of voltage to which 
the coil is subjected when used in the 
tube circuit. Also when these meas- 
urem(‘nts are made there must be 
flowing through the coil a continuous 
current ecjual to the average plate 
current, //,. These precautions in 
determining Z are not necessary if an air-core coil is used, but this is seldom 
the case; generally an iron-core coil is used. 

If the resistance R is small compared to Rp and wL we can write the 
voltage across the external circuit as 

V = .( 8 ) 



Fig. 5.—Amount of jimpnfied voltage 
with inductanee in plate circuit. 


y/ Rp^-\-ooIj^ 


The voltage amplification 


may be made nearly equal to /x, by making oL sufficiently large; at the 
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same time the B battery need have a voltage only slightly greater than 
the actual voltage of the tube since the resistance in series with the plate 
circuit is assumed small. 

Types of Amplifiers. —An amplifier generally consists of two or 
more vacuum tubes so arranged that the varying signal voltage is 
impressed upon the grid of the first tube, thus producing a variation of 
the plate current in this tube; this varying plate current is then made 
to produce a varying voltage between the grid and filament of the second 
tube, and, similarily, the varying voltage is relayed from the second to 
the third tube, etc., until the plate circuit of the last tube is reached, 
wherein are placed the telephone receivers or any other device used for 
making the signals readable. From this brief description it is plain that 
the signals must be “ repeated from one tube into the next. Amplifiers, 
either for low-frequency or for high-frequency, are divided into the follow¬ 
ing classes, according to the arrangement used for repeating.^’ 

(1) Transformer-repeating amplifiers. 

(2) Resistance-repeating amplifiers. 

(3) Inductance-repeating amplifiers. 

A tube, together with all co-acting apparatus used for amplifying 
purposes, is known as a “ stage of amplification an amplifier consisting 
of n such tubes is known as an n-stage amplifier. 

The two terminals of the amplifier upon which the incoming signal 
voltages are impressed are known as the input terminals, while the two 
terminals across which exist the amplified signal voltages are known as 
the ‘‘ output terminals. 

Classification of Amplifiers. —Amplifiers may be of various types— 
radio frequency, intermediate frequency, or audio frequency—but all 
of them function as a result of the change in plate current brought about 
by change in grid potential. According to the range of change in plate 
current taking place during the normal operation of the amplifier, these 
have been classified as types A, B, or C. The Standardization Rules of 
the Institute of Radio Engineers define these three types as follows. 

Class A Amplifier .—A class A amplifier is one which operates in such a 
manner that the plate output wave form is essentially the same as that of 
the exciting grid voltage. 

This is accomplished by operating with a negative grid bias such that 
some plate current flows at all times, and by applying such an alternating 
voltage to the grid that the dynamic operating characteristics are essen¬ 
tially linear. The grid must usually not go positive on excitation peaks, 
and the plate current must not fall low enough at its minimum to cause 
distortion due to curvature of the characteristic. The amount of second 
harmonic present in the output wave which was not in the input wave is 
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generally taken as a measure of distortion, the usual limit being taken as 
5 per cent. 

The characteristics of a class A amplifier are low efficiency and output, 
with a large ratio of power amplification. 

Class B Amplifier ,—A class B amplifier is one which operates in such 
a manner that the power output is proportional to the square of the grid 
excitation voltage. This is accomplished by operating with a negative grid 
bias such that the plate current is reduced to a relatively low value with 
no grid excitation voltage, and by applying such excitation that pulses 
of plate current are produced on the positive half cycle of the grid voltage 
variations. The grid may usually go positive on excitation peaks, the 
harmonics being removed from the output by suitable means. 

The characteristics of a class B amplifier are medium efficiency and 
output with a relatively low ratio of power amplification. 

Class C Amplifier ,—A class C amplifier is one which operates in such a 
manner that the output varies as the square of the plate voltage within 
limits. 

This is accomplished by operating with a negative grid bias more than 
suflScient to reduce the plate current to zero with no excitation. An 
alternating grid excitation voltage is applied such that large amplitudes 
of plate current are passed during a fraction of the positive half cycle of 
the grid excitation voltage variation. The grid voltage usually swings 
suflSciently positive to allow saturation plate current to flow through the 
tube. Thus the plate output waves are not free from harmonics, and 
suitable means are usually provided to remove harmonics from the output. 

The characteristics of a class C amplifier are high plate-circuit effi¬ 
ciency and output with a relatively low ratio of power amplification. 

Uses of the Three Types of Amplifiers.—The ordinary audio-frequency 
amplifier of a radio receiver, having single triodes in each stage, is a class 
A amplifier; its useful output is only a small part of the safe plate dissi¬ 
pation, as can be seen from the table of triode ratings on p. 708. 

Type B amplifier is used in the special push-pull audio amplifier with 
type 46 triodes, as described on p. 1007. Also triodes used as grid circuit 
modulators are operated as class B amplifiers; also the rest of the r.f. 
amplifiers, after the modulator, is made up of class B amplifiers. 

Type C amplifiers are used as plate-circuit modulators. 

Transformer-repeating Amplifiers.—These are used for amplifying 
both radio-frequency and audio-frequency signals; we will first discuss 
the operation of an audio-frequency transformer-repeating amplifier. 
The radio-frequency transformer practically always uses a tuning con¬ 
denser across its secondary coil and thus requires a somewhat different 
kind of analysis; it will be taken up in a later section. 

Referring to Fig. 6, the audio-frequency varying voltage is connected 
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at D and stepped up by means of the transformer T, after which it is 
applied between the grid and filament of the first tube; this produces a 
corresponding variation of the plate current of Tube 1. The varying 
current flowing through the primary Pi of the transformer T\ induces an 
e.m.f. in the secondary aSi. This e.m.f. is applied to the grid and filament 
of the second tube, and thus the varying signal voltage is repeated 
from the first into the second tube and finally from the second into the 
third tube, the varying plate current of which is caused to affect the tele¬ 
phone receivers. 

It will be at once apparent that in an arrangement of this kind, while 
each tube itself is always amplifying, the advantage of this may be lost 
by a poor repeating device. The object to be gained is, of course, to make 
the varying voltage between the grid and filament of each tube greater 
than for the preceding tube. This requires correct proportioning of the 


Triode 1 Triode 2 Triode 3 



Fig. 6.—A normal, three-staf?e, transformer-repeating amplifier for audio frequency 

currents. 

primary and secondary of the repeating transformers Ti, To) otherwise 
the grid-filament voltage of the second tube may be but slightly larger, 
or even smaller, than for the first tube. 

We will study the repeating action from the first into the second tube. 
The capacity between the plate and filament, as well as that between grid 
and filament, will be neglected at first because its effect is nearly negligible, 
except at the very highest voice frequencies. For the sake of simplicity 
we may assume that the repeating transformer has neither leakage induc¬ 
tance nor resistance and also that the magnetizing current is zero; this is 
equivalent to saying that the transformer is ideal. In so far as the 
a.c. relations of the circuit are concerned, such a transformer may, if the 
secondary is loaded by means of non-inductive resistance, be replaced by 
a fictitious resistance placed in the primary and equal to the secondary 
circuit resistance divided by the square of the ratio of transformation. 

Let = effective value of alternating voltage between grid and fila¬ 
ment of Tube 1; 
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= effective value of alternating voltage between grid and fila¬ 
ment of Tube 2 ; 

= plate-filament a.c. resistance of Tube 1; 

^02 = grid-filament a.c. resistance of Tube 2 ; 

M = amplifying constant of Tube 1; 

F = effective value of alternating voltage across primary of repeat¬ 
ing tmnsfonner, Ti ; 

n = repeating transformer ratio expressed as the ratio of second¬ 
ary to primary voltage. 


The above quantities are illustrated in Fig. 7. The action of Egi upon 
the plate current of Tube 1 is the same as if an alternating voltage equal 
to were acting in the plate circuit, in addition to the battery e.m.f. 
This alternating voltage ^xEgi is impressed upon a circuit which may be 


simplified as shown in Fig. 8 and 
consisting of the plate resistance of 
the first tube in series with the 



Fig. 7.—Circuit detail of the amplifier 
shown in Fig. 6. 


K H P 
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|< -fM Egj - >j 

Fig. 8. —Under ideal conditions (trans¬ 
former requiring no mjignetizing cur¬ 
rent, having zero internal imj^edance, 
and secondary load resistive only) the 
circuit of Fig. 7 may he replaced by the 
one of Fig. 8. 


equivalent resistance of the repeating transformer transferred to the 
primary. This is probably the simplest way to treat the problem when the 
coupling between the primary and secondary of the transformer is tight 
and the load circuit of the transformer is resistive only. For the more 
general case, i.e., leaky transformer and reactive secondary load, the action 
of the tube is best analyzed by using for the external impedance in the 
plate circuit the resistance and reactance of the primary of the transformer 
as calculated from the general equations given on pp. 118-119. 

From Fig. 8 the following equation is easily derived: 




T^l _ 




E... 




• ( 9 ) 


The voltage between grid and filament of the second tube is equal to the 
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voltage across the transformer primary multiplied by the ratio of trans¬ 
formation; thus: 

.( 10 ) 


E,=nV = 


and 




-Ea 


En, 


txnRg^ 


E,, nm,,+Rg, 
Eq. (11) may bo written as: 


( 11 ) 


where 


H7ia 

Ey^ n^+a 


a = 


Rpi 


( 12 ) 


It will be noted from Kq. (12) that the ratio EyJEy^ varies directly 
with the amplifying constant of the first tube and it also varies in a com¬ 
plex manner with RyJRj,^ and with n. It will further be noted that: 

First. If M and n arc kept constant and the ratio RgJRp^ increased from 
a low value, then EyJEg^ will constantly increase towards the limiting value 
fin which will be theoretically reached when RgJRp^ = oo . 

Second. If /x and RgJRp^ are kept constant and the value of n changed 
then EgJEg^ may be shown to have a maximum when 


n 


^ = 




(13) 


It follows that the resistance Rg^ should be made as high as possible, and 
that, once this has been done, a transformer should be chosen with a 
transformation ratio about equal to V Rg^/Rp^. It is not always possible 
adequately to satisfy this latter condition, as will be more fully explained 
later. The resistance Rg^ is made high by preventing the potential of 
the grid of Tube 2 from ever becoming positive, for, in this case, the grid- 
filament resistance is theoretically infinite; this is accomplished by keep¬ 
ing the grid at a negative potential by a suitably connected battery, or 
by any of the circuit arrangements already explained on p. 980. Prac¬ 
tically, on account of gas in the tube and the leakage from grid to filament 
outside of the tube, the grid-filament resistance, while very large, is at 
the most of the order of one million ohms, and may in many cases be as 
low as one hundred thousand ohms. 

For the ideal value of n- the ratio EgJEg^ is found by substituting (13) 
in (12), thus: 
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If the tubes used for the various stages of amplification are similar, the 
transformers may have the same ratio throughout. 

The results indicated by Eqs. (13) and (14) have been obtained on the 
basis of ideal transformers having neither leakage inductance nor coil 
resistance and requiring no magnetizing current. The effect of all of 
these in an actual transformer would be such as to alter the best value 
of the transformation ratio, and, more than this, to diminish the ideal 
ratio EgJEg^ as given by Eq. (14). The leakage inductance and coil 
resistance of the transformer can be made quite small and negligible as 
compared with the resistance Rg^ 
and their effect will, therefore, be 
but small. On the other hand, it 
is very important to make the 
magnetizing current very small, or, 
in other words, to make the no- 
load reactance of the transformer 
primary very high. This will be 
made clearer by a study of the 
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Fig. 9.—In order to take care of the mag¬ 
netizing current of the transformer the 
diagram of Fig. 8 must be changed as 
above, the value of Xo being equal to 
the primary reactance with secondary 
open. 


2 4 6 8 10 12 14 16 13 20 22 24 26 28 

No'load reactance of rcpeatini; tramformer 
primary in 10 'ohms 

Fig. 10. —Calculated values of voltage 
amplification using transformers of dif¬ 
ferent ratios and two different values of 
input circuit resistance of the second 
tube. The curves show the effect of 
varying the no-load reactance of the 
primary of the transformer, abscissas 
being no-load reactance in thousand 
ohms. 


diagram Fig. 9, which is similar to Fig, 8, with the exception of the 
introduction of Xo in multiple with Rgjn^y where Xo = reactance of trans¬ 
former primary at no load. 

A resistance should, in the above diagram, be inserted in series or 
parallel with Xo to represent the core losses, but we have omitted it for 
the sake of simplicity. 

The diagram shows that Xo is in multiple with Rgjv? and therefore 
diminishes the equivalent impedance of the circuit ll~F\ if, then, Xo were 
very low the voltage drop across H-F and, therefore the secondary voltage 
(Eg^ would be small. It is important, then, to make Xo as high as pos- 
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Bible, or, in other words the primary must have a very large number of 
turns. There is a point, however, beyond which it is uneconomical to 
increase the value of Xo, since the gain in amplification is too small to 
make it worth while. To show this we have worked out the theoretical 
curves of Fig. 10, after having assumed the following: 

m = 6, 

72 ^ = 10 , 000 . 

For Rg^ two different values were chosen, i.e.: 

72^,2 = 250,000 ohms and 72^2 = 1,000,000 ohms. 

For Rg^ of 250,000 ohms the best transformer ratio for an ideal trans¬ 
former is found, from Formula (13), to be: a/ 250,000/T0,000==5, and 
similarly for Rg^ of 1,000,000 the best transformer ratio would be 

Vl,000,000/10,000 -10. 

From Formula (14) we have: 

Maximum possible value of EgJEg^ for Rg^ of 250,000 = 6Xf = 15. 

Maximum possible value of EgJEg^ for Rg^ of 1,000,000 = 6X-ir== 30. 

The points on the curves have been plotted by assuming different 
values of Xo and then obtaining the voltage across H~F and also the 
secondary voltage Eg^^ after which EgJEg^ was computed. The assump¬ 
tion was made that the transformer had no leakage inductance, no coil 
resistances, and no core losses. Curves were drawn for two different 
ratios of transformation, i.e., 4 and 5 for 72^2 of 250,000 and 3 and 4 for 
Rg^ of 1,000,000 ohms. They show: 

First ,—That for low values of Xo the ratio EgJEg^ may be very small, 
even smaller than the amplifying factor of the tube, which is in this 
case 6. Thus, a transformer with low no-load reactance might make the 
result of the two tubes no better, or even worse^ than for one tube alone. 

Second ,—That for Rg^ of 10^ ohms the ratio of EgJEg^ is larger than for 
Rg^ of 250,000 ohms, for the same transformer ratio, even though the 
value of n used for 72^, of 250,000 ohms is much nearer the ideal value 
than for 72^, of 10® ohms. 

Third ,—Beyond certain values of Xo the ratio EgJEg^ does not increase 
much with increase of Xo. Not only is it of no advantage to increase 
the reactance Xo above a certain amount, but it is actually disadvan¬ 
tageous. The Xo is, of course, increased by increasing the cross-section 
of the core or the number of turns in the primary winding. The former 
of these expedients is objectionable because it increases the space require¬ 
ments. As regards increasing the number of primary turns, it must be 
noticed that, if this is done, the secondary turns must be proportionately 
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increased if the ratio of transformation, n, is to be constant. Now, the 
higher the number of transformer turns the higher become the internal 
resistance and leakage reactance of the transformer, which have so far 
been neglected in our discussion. 

A high internal transformer impedance may produce a large internal 
drop due to the load ” attached to secondary, i.e., the grid-filament 
resistance and reactance of the tube into which the transformer is repeat¬ 
ing, and also the internal distributed capacAty of the secondary winding 
itself; the final result would be that the voltage applied to the grid-filament 
might be far less than that calculated on the basis of negligible internal 
transformer drop. This may be summed up by stating that, for a given 
frequency, the higher the number of turns used the more does the ratio 
of terminal voltages (secondary to primary) depart from the turn ratio 
n, being only a fractional part of n. In fact, it is possible to increase the 
transformer turns to such an extent (more especially if the ratio be high, 
say: 10 to 1), that the terminal voltage of the secondary (when used in 
the tube circuit) is less than the voltage impressed upon the primary winding. 
The above phenomenon may take place if the number of turns is kept 
constant and the frequency raised. In practice the value of Xo, for the 
lowest frequency it is desired to repeat with the amplifier, is made 
equal to about once or twice the value of tlie plate-filament a.c. 
resistance. 

Fourth. —The higher the ratio of transformation the greater the ampli¬ 
fication. In connection with this it will be noted, however, that a point 
may be reached beyond which it is uneconomical to increase the ratio, 
since the gain in amplification is too small, as for example in the case of 
curves A and B for transformer ratios of 4 and 5, respectively. As a matter 
of fact if we consider that, for a constant number of primary turns, the 
increase in ratio is obtained by increasing the number of secondary turns 
and that simultaneously the internal impedance of the transformer and 
the effect of the distributed capacity of the secondary are increased, it will 
be apparent that, due to the large internal drop, the voltage across the sec¬ 
ondary may be smaller for a high than for a low ratio of transformation. 
This effect has already been pointed out in connection with the value 
of Xo and plays such an important part in connection with the trans¬ 
formation ratio that it has been found advisable, in practice, to keep 
the value of this ratio below about 4 or 5. 

In the case of the first transformer T (see Fig. 6) it may be shown by 
a method similar to that used for the other transformers that the ideal 
ratio of transformation is given by: 
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where >S = ratio of secondary to primary voltage for transformer T] 

7^ = resistance connected in series with the primary of trans¬ 
former T. 

The resistance R may be that of the plate-filament circuit of some other 
tube or of a telephone line or anything else which may be in series with 
the transformer primary. 

Again, as in the case of the other transformers, the no-load inductance 
of the primary should be high, and the ratio S should not be made so high 
as to permit the internal capacity of the transformer to have much 
effect. 

Effect of Resistance across Secondary Terminals. —Obviously if a low 
resistance is put across the secondary terminals of any transformer the 
terminal voltage must drop. In the case of the transformers being dis¬ 
cussed here, having windings of very fine wire and extremely large in¬ 
ductance, even high, values of load resistance 
may seriously diminish the terminal voltage. 

In testing transformers it is customary to 
use a resistane(% instead of a triode circuit 
itself, in the primary circuit, the value of re¬ 
sistance l)eing chosen equal to the a.c. resis¬ 
tance of the plate circuit of the tube with 
which the transformer is to be used. This is 
shown in Fig, 11; the value of R\ is taken 
equal to the tube plate circuit; for the average 
amplifier tube (excluding tetrodes and output 
triodes) 10,000 ohms is representative. 

Now as Ri is varied the voltage across 
S will also change; t 3 "pical experimental 
results are shown in Fig. 12. This was a representative transformer, 
having a turn ratio of 4.5. It is seen that a resistance of even one 
million ohms across the secondary will appreciably cut down the terminal 
voltage. But most input circuits of triodes have about this resistance, 
when sufficiently biased. Fig. 75 of Chapter VI shows the input circuit 
resistance of a typical amplifier tube, and this is seen to vary from about 
100,000 ohms up, as the bias is increased from zero. 

Effect of Capacity across Secondary. —The input circuit of a tube has 
capacity, generally measured in a few micro-microfarads; with the capac¬ 
ity of the tube socket, and wiring, in parallel with the grid-cathode circuit 
the total capacity connected to the secondary terminals might be as 
as much as 20 /xg/. There is an additional capacity in the secondary 
winding itself and also between the primary and secondary windings so 
1 hat the actual circuit is somewhat complex. 


o-WA^/ 

R, 


Fio. 11.—In testing the chnr- 
arteristics of audio frequency 
tran.sformers, it i.s customary 
to use in series with the 
primary, a resistance /?, 
etjual to the a.c. resistance 
of the plate circuit of the 
tube with which the trans¬ 
former is to 1)0 used. 
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Simply the circuit of one of these transformers is as shown in Fig. 13. 
The primary has been assumed to have 50 henries of inductance (which 
is a reasonable value for a good transformer), and the turn ratio as 1 to 3, 

so the secondary has 450 henries in¬ 
ductance. The capacity G is taken as 

20 /uju/. 

At low audio frequencies the amount 
of charging current taken by this small 
condenser is so small that no appreci¬ 
able effect is produced on the trans¬ 
former action, but at high frequencies 
this is not so. P^ig. 5 of Chapter V 
shows how a condenser load on the 
secondary of a transformer may very 
greatly increase the secondary terminal 
voltage at some* frequencies and then 
decrease it at higher frequencies. As 
a matter of fact, the curve of Fig. 5 was obtained at fixed frequency 
and variable capacity, but from the action there shown we deduce the 
fact that a certain capacity will show resonance at some frequency, giving 
high secondary terminal voltage, and at fre¬ 
quencies much higher than this the secondary 
voltage will fall rapidly. 

The coefficient of magnetic coupling of 
an ordinary audio-frequency transformer is 
not very high (as transfonners go) probably 
being seldom in excess of 90 per cent, thus 
giving 10 per cent so-called leakage react¬ 
ance. Under this assumption, and under the 
further assumption that the losses in the 
transformer can be neglected, we can replace 
the circuit of Fig. 13 by that of P"ig. 14. 

Here the transformer has been changed in A to a 1 : 1 ratio, permissible 
if the capacity is changed by the (turn ratio) this makes it 180 

Diagram B of this figure is 
the equivalent of A, the two 
50-henry coils, coupled 90 p)er 
cent being replaced by one coil 
of 50X (1—0.90) =5 henries. 
Now the circuit shown in B 

_ is resonant at a frequency of 

\l2iry/TiC = 10V2irV5 X180 = 5300 cycles. Thus we might well expect 
that the transformer shown in P"ig. 13 might show a resonant ^^hurnp^' 



K-90% 

Fig. 14.—Simplifications of the circuit of Fig. 13. 


60 A: 


"1 

j 


20 /i/x/ 


k - 

Fig. 13.—A 3 to 1 trans¬ 
former, hiiving a capacity 
of 20 mm/ acros.s its sec¬ 
ondary. ThLs might be the 
capacity of the next tu!)e, 
plus the wiring, and the 
internal capacity of the 
secondary winding itself. 



0.5 1 2 3 


Metrohma 

Fig. 12.—The effect of resistance 
across the secondary of a modern 
audio frequency transformer, when 
tested at a frequency of one kilo¬ 
cycle. 
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at this frequency. This resonance will not be very sharp because the 
coils, of fine wire, and the iron core, both result in high effective resistance 
and so limit the resonant rise in voltage. 

Internal Capacity of Transformer Itself.—Most transformers have layer 
wound coils, with paper between layers. Sometimes one layer of paper is 
used and sometimes two; in some cases the paper is wax impregnated and 
in others it is not so treated. Also there is capacity between the primary 
and secondary coils, because one is wound right on top of the other. The 
effect of this inter-coil capacity will depend upon the relative connections 
of primary and secondary. This point is illustrated in Fig. 15. In A the 
relative placing of the coils on the transformer is shown; pi and P 2 
represent the inner and outer ends of the primary winding, and si and S 2 
show the corresponding terminals of the secondary. In B is shown one 
way of connecting the transformer; it will be seen that the inner end of 
the secondary si and inner end of the primary pi are grounded in so far as 
alternating voltages are concerned. Thus the capacity between the p 2 end 
of the primary and ground is relatively high, the inner layer of the second¬ 
ary winding being at ground potential. 

It might be that the secondary winding is connected in the opposite 
direction to that shown in 
Fig. 15; then the 7)2 and si 
terminals would connect to 
the plate and grid respect¬ 
ively, and the effective 
capacity between windings 
will be much different. As 
a matter of fact, this simple 
changing of the polarity of 
the secondary winding con¬ 
nections has a very marked effect on the amplifying characteristic of 
the transformer. 

In Fig. 16 are shown the amplification characteristics of a well-designed 
transformer for various circuit conditions; for comparison is shown the 
amplification curve of a transformer of poorer design (less iron and less 
copper). It will be noticed that with normal connection (grid connected 
to outer end of secondary coil) there is a high resonance peak in amplifica¬ 
tion at 5500 cycles. This transformer had a high value of primary self- 
induction, about 100 henries, and a secondary inductance of about 2500 
henries. The vacuum-tube voltmeter used to measure the secondary 
voltage had about 8 mm/, and the internal capacity of the transformer 
was about 7 mm/, giving 15 mm/ together. The coefficient of coupling was 
about 90 per cent, so the resonance frequency calculates to be 5500 cycles. 
The curve B shows this to be the actual resonance frequency. 



Fig. 15.—Arrangement of windings of a trans¬ 
former, and connection in an amplifier. 
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When the secondary winding was reversed the effective internal capac¬ 
ity of the transformer was made greater, and the internal losses were evi¬ 
dently much increased; the resonance peak is now much less marked 
and occurs at lower frequency, 2500 cycles. The effect of putting 
1 megohm across the secondary terminals is shown by curve D and 
of putting 0.5 megohm across by curve E, As seen by the curve of 
Fig. 75 of Chapter VI this change in resistance of the input circuit of a 
triode can be brought about by changing the grid bias from 4.5 volts to 
3 volts. 

The transformer used in getting the results of Fig. 16 had two layers 
of unimpregnated paper between layers of secondary winding. Using just 
the same winding, with only one layer of paper between layers, and having 



Frequency 

Fig. 16. —Performance of small cheap transformer, /!, and that of u heavier, bi^Ker 
one of better desij^n. For different conneetion.s (see Fip;. 15) and different resistances 
across the secondary the performance changes as shown here. 

the paper impregnated with wax, changed th(‘ characteristics as shown 
by curves B and C of Fig. 17. (yiirvc A is reproduced from Fig. 16 for 
comparison. It can be seen by comparison of curves A and B that the 
effect of using thinner insulation, wax-impregnated, was to produce 
resonance at a much lower frequency, 3500 cycles compared to 5500 
cycles. This change in frequency means that the capacity in the secondary 
circuit had increased about 2.5 times. * 

Sectionalized Windings. —It is possible to wind the two coils in sec¬ 
tions, on forms, so that the primary and secondary turns are more inter¬ 
spersed. This will reduce the magnetic leakage between windings, and 
may also decrease the internal capacity. Better iron may be used. 







SECTIONALIZED WINDINGS 


995 


thus raising the self-induction of the primary for a given winding. Thus 
the amplification may be made nearly flat from about 50 cycles to perhaps 
8000 cycles. 



Fio. 17.—These curves show the effect of the internal capacity of the transformer, with 
one and two pa|>er insulation. 


One scheme for 
windings, is shown i 



making these low-capacity, low-magnetic leakage 
n Figs. 18 and 19. Fig. 18 shows a cross-section 
through one side of the winding, 
and Fig. 19 shows one of the spools 
(molded from some insulation ma¬ 
terial) on which the turns are 
wound. Three spools fit snugly 


Fig. 18. —To keep the internal capacity 
low, some transformers use the itlea in¬ 
corporated in all power transformers, 
namely windinj? primary and secondary 
in sections, and properly interspersing 
them. 


Fig. 19. —The coils of Fig. 18 are wound 
upon molded forms like these, which fit 
inside one another. 



into one another, and their combined depth is just equal to the width of 
the “ window in the core lamination. By winding the primary in two 
parts one inside and one outside the secondary, the leakage reactance is 
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made low; this, in combination with the low internal capacity of the 
windings, advances the resonance hump well into the higher-frequency 
range. 

Effect of “ Free ” Secondary Winding.—It will be noticed in Fig. 15 



Fig. 20.—If, in testing, the secondary winding is entirely free from the primary, it is 
quite likely that two resonance humps may be found as was the case here. 


that one side of the secondary winding is connected to one side of the 
primary and both are connected to ground. The B battery between 
the lower end of the primary and ground has a negligible impedance for 

alternating currents, and there- 



Fig. 21.—Variation of self-induction of the 
primary of a good, modem transformer, as 
the test voltage was varied. 


fore, so far as alternating current 
is concerned, the lower end of the 
primary winding is at ground po¬ 
tential. With this normal con¬ 
nection the amplification curve 
shows forms as given in Fig. 16. 

Now if the secondary winding 
is left free of the ground, the 
voltage across its terminals being 
measured by a vacuum-tube 
voltmeter which also is not 
grounded, peculiar results may be 
obtained. The internal capacity 
of the two windings, as well as 


the capacity between windings, act to give a double resonance hump, as 
shown in Fig. 20. There is also presented the curve for normal connec¬ 
tion of the secondary winding; it also shows a small second resonance 
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In obtaining these curves the action of the transformer only was being 
studied; there was no resistance in series with the primary winding to 
represent the plate-circuit resistance of a triode, so that the signal voltage 
was impressed directly in the primary winding. 

It can be seen that the transformer itself will act efficiently even as 
low as 10 cycles; of course if it were used in the plate circuit of a triode 
it would not give the fiat curve at the lower frequencies because the pri¬ 
mary reactance would be low compared to the tube resistance, so but a 
small part of the tube voltage would appear across the transformer 
primary. 

Variation in Self-induction of the Primary Winding.—In Fig. 21 is 
shown the variation in self-induction of the primary winding (of one of the 
best obtainable transformers) as the value of the voltage impressed on 
the primary is varied; the measure¬ 
ments were made at 60 cycles. This 
curve shows that as the impressed signal 
is increased in amplitude the self-induc¬ 
tion increased very much. Now we have 
shown, Fig. 10, that at low frequencies 
the voltage amplification increases as the 
self-induction of the primary is increased. 

It therefore follows that this transfonner 
would amplify strong signals, of low 
frequency, more than it would weak 
ones. However, there is another factor, 
the resistance across the secondary 
terminals (input circuit of the next triode) 
which also varies with signal strength, 
and in such a way as to offset this increase in self-induction of the 
primary. 

Effect of Plate Current on Primary Inductance.—As ordinarily used, 
an audio-frequency transformer has a continuous m.m.f. acting on its 
core, in addition to that of the alternating current which is produced by 
the signal voltage. This continuous m.m.f. is due to the average value 
of the plate current of the triode. 

In Fig. 22 are given curves showing how the plate current affects the 
self-induction of the primary winding. These results on actual trans¬ 
formers bear out the ideas formulated in Chapter II in which the various 
factors affecting the permeability of iron were discussed. 

Reason for Negative Grid Bias. —Except in special circuits the grids 
of audio-frequency amplifier tubes should always be biased to such an 
extent that the strongest signal which will be handled is not sufficient to 
force the grids to become positive with respect to the cathode. From 



Fig. 22.—Effect of plate circuit cur¬ 
rent upon the a.c. self-induction 
of the transformer of Fig. 21. 
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Fig. 23.—If the grid of an A.F. amplifier draws 
current during the positive alternation, the 
internal drop in the secondary winding results 
in a terminal voltage having flat tops on the 
positive parts of the wave—this gives “sec¬ 
ond harmonic” distortion. 


Fig. 75, Chapter VI, it is seen that if the grid goes positive the input 
circuit resistance falls to very low values, and Figs. 12 and 16 show that 
low input circuit resistance results in low amplification. 

A more important reason has to do with the action of the grid current, 

which flows when the grid is 
positive. If a sine wave signal 
is being repeated by the ampli¬ 
fier its form will be greatly 
changed if the grid of one of 
the amplifying tubes is allowed 
to draw current. Inspection 
of Fig. 15 B shows that any 
current taken by the grid must 
flow through the resistance and 
reactance of the secondary 
winding, d'his results in taking 
the “ tops ’’ off the positive 
alternations of the voltage wave, as suggested in Fig. 23. This 
peculiar distortion results in a disagreeable change of quality in signal 
reproduction, due to the even harmonics, always present in a wave of 
this form. 

It then follows that as a signal builds up in amplitude from stage to 
stage the successive grids should 
have an increasingly greater 
negative bias, so that no grid 
draws an appreciable current 
at any time. 

Construction Details of a 
Transformer. —The tmnsfonn- 
ers used in getting the curves 
of Figs. 16 and 17 had a cross- 
section of iron of 0.52 sq. in., 
made up of 46 plates each 14 
mils thick. The laminations 
were 0.8 in. wide, for the center 
leg of the shell type core. The 
length of magnetic path was 7 

in., and there were 6500 turns t- r. • i . r 

' Fig. 24.—Performance of typical transformers, 

in the primary coil. A rea¬ 
sonable secondary coil has 18,000 turns. At 60 cycles, with 14 volts 
impressed, the inductance was 101 henries. The maximum flux density 
with 14 volts of 60-cycle signal was 1800 lines per square centimeter, 
and the effective permeability was 1020. With continuous current 
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through the winding the self-inductance and permeability both decrease 
very much. 

Effect of Plate Voltage upon Amplification. —Leaving other factors 
the same it would be thought that raising the plate voltage would increase 
the amplification, especially at the lower frequencies, because the plate- 
circuit resistance is lowered. This will raise the ratio of the transformer 
reactance to the tube resistance and hence, by Eq. (8), p. 982, the ampli¬ 
fication. However frequently the opposite effect takes place, the ampli¬ 
fication drops. The increased plate voltage draws a greater plate current, 
and this, according to Fig. 22, drops the self-induction of the primary of the 
transformer and hence its reactance; this results in lowered amplification. 

Transformers as Built To¬ 
day. —In Fig. 24 are shown a 
few curves typical of the trans¬ 
formers used today in many 
amplifiers; these are all well- 
known makes. Transformer D 
is quite evidently built with 
too high a turn ratio to give 
satisfactory amplification 
throughout the voice range, 
although it would be suitable 
for the reception of tek'graph 
signals. With the beat-note 
method of reception, for 
example, the operator could 
adjust the note for 600 cycles 
per second and this transformer 
would give four times as loud a 
signal as would transformer F, 
yet F is a much better transformer for a radio-telephone amplifier than D. 

In general the louder the signal the less does the transformer amplify; 
this is i)rimarily because of the greater grid current taken by the stronger 
signal. The grid current, flowing through the secondary winding, lowers 
the terminal voltage of the secondary. Now the grid current is greatest 
when the signal voltage is amplified the most and hence it can be seen 
that this effect tends to flatten the amplification curves of Fig. 24. By 
using a very loud signal when testing a transformer it is possible to make 
such a transformer as D, which really gives very uneven amplification 
throughout the frequency range, give a curve which is quite flat. This 
effect is shown by curves D and ly of Fig. 24 as well as by curves F and 
F', The smoothing out of the characteristic is more pronounced as the 
amplification, on weak signals, is the more uneven. 
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Fig. 25.—Effect of signal strength on amplifying 
power of a tr.ansformer having a turn ratio 
of six. No grid bias was used, the grid thus 
taking current on the positive alternations. 
With fixed frequency the amplification 
changed with signal strength as shown by 
the curve so marked. 
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In curve D" is shown the effect of having too much capacity attached 
to the terminals of the transformer secondary. The signal strength was 
the same as for curve D but the wire leading from the transformer sec¬ 
ondary to the grid of the next tube was made much longer than necessary, 
just to bring out this effect. In getting curve D a short wire a few inches 
long was used and in getting D" the connecting wire was 4 feet long. 
Whereas such a condition could never arise in an actual, wired amplifier 
set, it might occur in a laboratory test, where due care in arranging the 
wiring had not been observed. 

Curve E is quite typical of the amplifier performance in hundreds of 
thousands of radio receivers. The transformer is under size, has too little 
iron and too little copper. It is the performance of such transformers 
which makes the reproduction of radio programs no better than the old- 
fashioned talking machine reproduction. Only a few octaves of the 
audible scale are reproduced, resulting in that unnatural quality which 
gave rise to the term canned inusic.^^ 

Effect of Signal Intensity on Amplification.—In the foregoing section 
it was pointed out that the amplifying power of a transformer decreases 
as signal strength is increased and Fig. 24 shows some curves of the effect. 
The effect is greater in transformers with large magnetic leakage between 
the windings and Fig. 25 is given to illustrate this effect. The transformer 
was one of the commercial types and was used in a 201A tube with 45 
volts in the plate circuit and no grid bias. It is seen that with the strong 
signal the amplification curve is almost flat, yet with weak signal great 
variations occur. With the strong signal, the grid was going positive 
part of the time, hence drawing current and greatly distorting the wave 
form. In Fig. 25 is also shown the curve of amplification for a signal of 
fixed frequency (500 cycles) and varying amplitude. 

Impedance of Telephone Receivers.—The receivers (or loud speaker) 
used in the plate circuit of the last tulx^ of the amplifier should be suit¬ 
ably chosen. The impedance of a telephone receiver is made up of the 
following four components: 

First. The static reactance. 

Second. The static effective resistance. 

Third. The motional reactance. 

Fourth. The motional resistance. 

The first two components are due fo the constants of the electric and 
magnetic circuits of the receiver and the losses taking place therein and 
are the effective reactance and resistance measured with the diaphragm 
locked.’’ 

The motional reactance and resistance are produced by the motion 
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of the diaphragm and are to be added to the static reactance and resis¬ 
tance respectively. It is plain that the motional resistance is the resis¬ 
tance equivalent of the power expended in moving the diaphragm to and 
fro, part of which is useful in producing sound; in other words, for a cer¬ 
tain receiver, the greater the motional resistance the greater will be the 
receiver response to a certain value of incoming alternating current. The 
value of this resistance varies with the frequency and is a maximum at 
about 900 to 1000 cycles per second. Curves are given in Fig. 26, showing 
the relation between frequency and resistance and reactance of a receiver 
with the diaphragm locked and with the diaphragm vibrating. ^ A tele¬ 
phone receiver may be thought of as a motor receiving electrical energy 
and transforming part of this into motional energy of the diaphragm; 
again part of the motional energy of the diaphragm is transformed into 
acoustical energy. The motional 
resistance, when multiplied by the 
square of the current gives a meas¬ 
ure of the power supplied to the 
diaphragm, a small percentage of 
which is converted into sound.“ 

The overall efficiency of a re¬ 
ceiver is the ratio of the pf)wer 
given off as sound to the power 
supplied electrically and this varies 
of course, for various fre(piencies. 

It is a very difficult task to make 
accurate measurements of sound 
energy, but from what data are 
available it appears that the aver¬ 
age efficiency of a telephone receiver 
throughout the voice range of fre¬ 
quency is less than 1 per cent. Most 
of the power supply is used up 
in the windings, as eddy currents and hysteresis in pole pieces and dia¬ 
phragm, as frictional losses in the iron of the diaphragm itself, as frictional 
losses at the rim where it is clamped, and in air eddies in the cavity above 
the diaphragm. 

In view of the many components of the impedance of a receiver, and 

^ It must be pointed out thjit where the motional resistance is negative, the dia¬ 
phragm is not acting like a generator, giving off electric power due to its motion; the 
negative motional resistance merely signifies that the diaphragm in motion (in the right 
motional phase) absorbs less i^ower as eddy currents and hysteresis than if it is locked 
and so unable to move. 

* See “The Mechanics of Telephone Receiver Diaphragms,” by Kennelly and Affel', 
Proc. Am. Acad, of Arts & Sciences, Nov., 1916. 



Fiq. 2G.—Resistance and reactance of such 
a receiver as is u.sed in radio work as a 
function of the frequency; one set of 
curves gives the characteristics with dia¬ 
phragm free to move and the other with 
it clamped tight. 
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their variation with the frequency, it is difficult to lay down any set rules 
for the choice of a receiver to be used in connection with an amplifier. 
The following analysis, however, will be of value: 

Let /?, = static resistance of receiver; 

/im = motional resistance of receiver at a definite frequency; 

X = total reactance of receiver when in motion, at the same fre¬ 
quency as assumed for R,n ; 

= plate-filament a.c. resistance of tube; 

= effective value of voltage impressed on grid; 

/p = effective value of plate current produced by Eg] 

Pm = power expended in 

From p. 982 we have 

j __ 

’’~V(R,+ R, + H„.y + X- 

and 


p =T 2/p 

* m ^ p 




{Rp-\-Rs-\-Rm)“-{- A" “ 


. (16) 


For maximum response in the receiver, the power (P,,,) expended in 
the motional resistance should he a maximum. Fcp (16) shows that if 
all the other quantities are kept constant while Rm is varied, will vary 
directly with Rm while Rm is small, but when Rm becomes sufficiently large 
as compared with Rpj /^«, and A" then Pm will decrease with increase in Rm. 
Rm may be increased by suitable design of the diaphragm and the air 
cavity above it, but it is hardly possible to make Rm too large. 

Eq. (16) also shows that for a receiver of fixed constants and for a 
tube of definite /x the power Pm increases as Rp is decreased, therefore 
the tube resistance should be small as compared with the impedance of 
the receiver in motion. As it is impractical to reduce the plate-filament 
resistance very much it is necessary to use a receiver with as high an impe¬ 
dance as practical. Ordinarily the telephone impedance is at least equal 
to the tube resistance. 

We will calculate the value of Pm for a definite case. Assume a receiver 
having the characteristics of Fig. 26 from which, at 900 cycles. 

ff.+/2m = 3700 
ft, = 3200 
Rm= 500 
X = 4100 
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Assume this receiver used with a tube of 7^^= 10,000 and and let 
the signal voltage = 0.03 volt 


_6- X 0.03-X 500 

(10,000+3700)->4100^ 


0.081 microwatt. 


Of this amount of power supplied to the diaphragm possibly 0.001 micro¬ 
watt would change to sound. 

It has been reported ^ that with a good loud speaker an electrical 
input of 2 milliwatts gives the ecjuivalent of nonnal speech. Remembering 
that normal speech represents about 10 microwatts of power we find the 
efficiency of this loud speaker to be ^ per cent, about the same as was 
mentioned above for a head receiver. 

It might be thought that the impedance of the receivers would 
change appreciably 
with signal strength, 
because of the iron 
used in the magnetic 
path. In general, with 
increasing current the 
impedance of an iron- 
core coil diminishes, 
but it happens that 
the currents occur¬ 
ring in telephone re¬ 
ceivers are so small 
that the opposite ef¬ 
fect occurs, to a slight 
extent. 

Using a well-de¬ 
signed set of head receivers, having 11,000 turns per receiver, Curtis^ 
found that for currents from 10“^ to 10 amperes the impedance was 
practically constant. At higher currents the impedance increased some¬ 
what. One set of his results is given in Fig. 27. Incidentally this figure 
shows what the power factor of a good receiver should be. This receiver 
is a much more efficient one than that used in getting the results of Fig. 
26, the motional resistance at its resonant frequency being about four 
times the resistance with diaphragm locked. 

When telephone receivers are held tight against the ears the abrupt 
change in resistance and reactance (shown at 1000 cycles in Fig. 26) does 



Fig. 27.—The resi.stance and reactance of a pair of head 
phones for very weak currents. 


'See “lioud Speakers,” by E. K. Sanderman, Wireless World and Radio Review, 
Jan. 23 and 30, 1924. 

* “The Vibratory Characteristics and Impedance of Telephone Receivers at Low- 
Power Inputs,” by A. S. Curtis, B.S.T.J., Vol. IV, No. 3, July, 1925. 
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not occur; the air column in the ear cavity acts like a horn and loads the 
diaphragm as was shown for the loud speaker on p. 855. 

Loud speakers were analyzed somewhat in detail in Chapter VIII, 
pages 853, et seq. They are in general more efficient sound producers 
than head phones, and give a more uniform response over the frequency 
scale. As the loud speaker, or telephone receiver, should match the 
resistance of the plate circuit of the output tube, it is generally the practice 
to use an output transformer of suitable ratio. 

The “ Push-pull ** Type of Amplifier.—Because of the fact that the 
form of the Eg-Ip curve of the triode is not a straight line, distortion in the 
amplified signal necessarily occurs. One arrangement which has been 
much used to eliminate some of this distortion resembles the double-button 
microphone discussed on p. 791. It requires two tubes per stage and 



Fio. 28.—The circuit arrangement for a '‘push-puH” stage of amplification. It is not 
customary to put the output of a push-f)ull stage into a single triode as shown here 
because the distortion, which is prevented by the push-pull stage, is likely now to 
occur in tube N. Succeeding stages are also generally of the push-pull type. 

SO is not as efficient a use of apparatus as is ordinarily employed, but in 
transmitting stations the cost of a few extra tubes is of no consequence 
and here we find the balanced amplifier nearly always used. Nearly all 
modem broadcast receivers use the push-pull arrangement in the last 
stage, the one that supplies power to the loud speaker. Some transmit¬ 
ting sets use push-pull stages throughout. (See Fig. 41, p. 819.) 

The two tubes are arranged as shown in Fig. 28. In this diagram A 
is the tube of one of the amplifier stages, F is the primary of repeating 
transformer Ti, by means of which the signal is repeated from tube A to 
the combination of tubes B and C," This combination forms, together 
with G-H and K~M, the push-pull circuit. 

It will be noted that any change of potential taking place between 
points 0 and P will affect the grids of B and C similarly and will pro¬ 
duce equal and opposite changes of ampere turns in K and M, hence a 
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disturbance will not be repeated into N and the tube D, to which there 
may be connected a loud speaker. Tube D would be of much greater 
capacity than B and C, if such an arrangement were used, to prevent D 
introducing the distortion which the combination of B and C have avoided. 
In the ordinary receiving set amplifier, if a push-pull stage is used, the 
output of the transformer T 2 goes directly into the loud speaker. A 
signal coming through from F will produce equal and opposite potential 
changes in the grids of B and C and hence equal and co-directional 
changes in the ampere turns of K-M. This will repeat the signal into the 
secondary N and tube D. 

Such an arrangement eliminates the distortion which would be produced 
by the asymmetry of the curve on the two sides of the point on the 

curve determined by the C battery. Saying the same thing in other 
words, the push-pull arrangement eliminates distortion in so far as these 
are produced by even harmonics of the signal voltage. 

It will generally be found advisable to match the tubes used in 
a push-pull amplifier if the results are to be appreciably better than those 
of a single-tube amplifier. 

It will be noticed that transformer T 2 is not subject to any continuous 
m.m.f.; the plate current of tube B tends to magnetize the core in one 
direction and that of tube C tends to magnetize it in the opposite direction. 
If the two tubes are similar, so that they draw equal plate currents, there is 
710 flux in this transformer core when no signal is coming in. Hence the self- 
induction of the primary windings is maintained at its highest value. (See 
Fig. 22.) The balance in m.m.f.s of parts K and M is destroyed when 
a signal comes in, because one plate current increases and the other 
decreases; this is the result of the grid connections; when that of B goes 
up in potential that of C goes down, and vice versa. Hence flux is set up 
in the core of T 2 which is proportional to the signal coming from tube A, 
and so the signal is repeated to tube D. 

Effect of Push-pull Circuit on Distortion.—The arrangement of two 
tubes as in Fig. 28, because of its nullifying the effects of a certain part of 
the asymmetry of the Ey-Ip curve, permits each of the two tubes B and C 
to be excited by a much higher signal strength than would otherwise be 
advisable. In Fig. 29 are shown the jx^rcentages of harmonics in the out¬ 
put of a single 5-watt telephone rei^eater triode, as the grid wiis excited 
with a sine wave signal of increasing intensity.^ It has been found by 
tests that even harmonics produce on the average listener a much more* 
disagreeable quality of distortion than the odd ones, hence it is important 
to avoid even harmonic distortion. In Fig. 30 is shown the analysis of 
the output of two 5-watt tubes (each similar to the one used in getting the 

^ This and the succeeding figure are from results given in Bell Laboratories Record 
for April, 1927. 
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results of Fig. 29); it will be seen that a much greater output is obtainable 
from the two in push-pull connection than twice than obtainable from one 
tube, for a given amount of distortion. Thus with 2-watt output from the 
single tube there is 10 per cent of second harmonic, whereas with 4-watt 
output for the push-pull circuit the second harmonic content is only 

1 per cent. Similarly with 3 watt- 
output from the single tube the 
fourth harmonic is 15 per cent of the 
fundamental, whereas with 6-watt 
output from the push-pull circuit the 
fourth harmonic is only a fraction of 
1 per cent. 

A High Output Push-pull Ampli¬ 
fier.—It is almost an axiom that 
amplifier tubes used for audio-fre¬ 
quency signals should be operated at 
that part of the AV //, curve where 
the relation of plat(' current and grid 
voltage is linear for considerable variations of grid voltage either way 
from its no signal value. A tube so used gives a small output reason¬ 
ably free from distortion; like the microphone, or any other device of 
this nature, it must be used inefficiently if its output is to be reasonably 
similar to the input. Furthermore, the grid should not be allowed to 
draw current. 

A new tube just become available is 
recommended for use as a high power 
amplifier under conditions far from the 
conventional ones stated above. This 
tube, the type 46, has two helical grids one 
under the other. Both are brought out to 
pins on the tube ba.se. This tetrode can 
be used as a triode as indicated in Fig. 

31 A, with one grid tied to the plate, or as 
a triode as shown in sketch B of this 
figure, with both grids connected directly 
together to act as a control grid, (con¬ 
nected as in A its charactcri.stics are tho.se 
of an ordinary triode. Ep = 250, = —33, ju = 5.6, 74 = 2380, Sm —2350, 

and /p = 0.022. The proper load ’ resistance for maximum undistorted 
power IB 6400 ohms, and the maximum undistorted power is 1.25 watts. 
(Power is said to be undistorted ” when the ‘‘ total of the generated 
harmonics does not exceed 5 per cent of the fundamental,^^ from the 
I.R.E. rules.) 



Watts output 

—lIsiiiK two 5-watt trio<le.s, 
.similar to that use<l in j^ettiiiK 
the ro.sults of Fi|^. 29, more than 
twice us much power is available 
with less distortion. 



Fig. 29.—Distortion in the output of 
a 5“Watt triode, as grid excitation is 
increased. 
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When connected as in B of Fig. 31, the tube has a considerably higher 
amplification factor, so much so that when the grid bias is zero the plate 
current is also essentially zero. (Contrasted with this is the fact that 
when connected as in A of Fig. 31 with the control grid at zero potential 
the plate current is about 50 milliamperes.) 

With £'p = 400 volts, /!/t =0, = 0.006 ampere. If the grid is allowed 

to go about 55 volts positives the 
plate current increases to 0.200 am- 

p('r(i. 

As this double grid triode is used, 
the grid fluctuates, with signal excita¬ 
tion, from —55 volts to +55 volts; 
during nearly all of the negative 
alternation of grid swing the plate 
current is zero whereas on th(‘ positive 
alternation the plate current varies 
almost linearly with the grid voltage, from 0.006 to 0.200 ampere. 

The grid draws a large current on its positive swing, so that a consid¬ 
erable am()unt of pow('r is recjuired to excite it. When the signal is 
40 volts ((‘ff('ctive) the pow(‘r used in the grid circuit is about 0.5 watt. 

In Fig. 32 is shown the use of three of these type ’46 tetrodes to take 
in a signal of a few volts and give a reasonably good output of 20 watts. 
C’onnected as a single-grid triode tube No. 3 serves as an amplifier to give 

about 1-watt output 
for exciting the other 
two tubes connected 
as double-grid tubes, 
connected in push- 
pull arrangement. It 
will be noticed that 
no grid bias is used in 
this stage. 

The operation of 
t he push-pull circuit 
can be understood 
with the help of Fig. 
33, which shows how the currents of tubes 2 and 1 change as the 
signal goes f)ositive and negative. As the signal goes positive the plate 
current of tube 1 increases linearly from 6 milliamperes up and the current 
of tube 2 (on which the actual voltage is going negative) decreavses from 
6 milliamperes to zero. Hence except for the low values of instantaneous 
signal voltage there is no current in part A-G of transformer To primary, 
whereas part A-B is carrying a current varying linearly with the voltage 



Fir,. 32.^—Throe of the totrode.s of FiK- *31, thus eonneoted, 
constitute ;i v('rv ('fhci(*iit audio frecjuenev ampliher, 
of lar^e out[)ut. Tulies I and 2 eon.stitine a type B 
ampliher. 



A B 

Fig. 31.—A modern tetrode can be con¬ 
nected a.s at A to give a high output 
tube, or as at B to give a high voltage 
amplification. 
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impressed on the grid of tube 1. When the signal polarity reverses, the 
current of tube 1 is brought zero, and tube 2 has a plate current varying 
linearly with the voltage on the grid of this tube. As the magnetizing 
actions of the two plate currents in the primary winding of transformer 

T 2 (when two currents do flow, i.e., for low sig- 
^ nal voltages) are in opposite directions it can 
be seen from Fig. 33, that as the signal voltage 
varies a small amount in either direction from 
zero the net magnetizing action of the primary 
coil will follow the dashed line shown in this 
diagram, and of course for larger signal volt¬ 
ages the magnetizing action follows the 
straight part of the curve of one tube 

or the other. Referring again to Fig. 33 
Fio. 33.— Plate current char- we see that as the signal voltage flucutates 
acteristics of the push-pull about zero as its average value, the change 
Stage of Fig. 32. in magnetizing action in transformer T 2 

follows the straight lin(^ A H. Thus the 
output of transformer Tz is similar to the input of 7'j. 

As only one tube is working at a time, and the signal voltage is able to 
increase the plate current only, it has been suggested that the device be 
called a ^‘push-push amplifier. 

To get full output of this amplifier it is necessary to supply a signal to 



the grid of about 40 volts 
(effective); this means that 
the secondary of transformer -j- 
Ti must give about 80 volts. [ 
As the tube 3 can generate 
in its plate circuit aBout 120 
volts, it is seen that trans¬ 
former Ti can be built with 
a step-down turn ratio about 
1.5 to 1. 


Tube 1 Tube 2 



Without danger of over- Fia. 34.—A stage of radio-frequonoy amplification 
heating, this amplifier can mo<lern sets generally ufHbs }i t ransformer with 

safely deliver 20 watts of The step-up ratio may be as 

. , , much as six to one, and the coupling between 

output. The loss on each aeco,alary is generally between 

plate will be 10 watts when 40 cent and 70 per cent, 
giving this output, so the 

plate-circuit efficiency is 50 per cent. Tube 3, acting as exciter, is 
operating at a plate-circuit efficiency of about 25 per cent.^ 


'For further discussion of these small, high-powered tubes see ‘‘High Audio Power 
from Relatively Small Tubes,” by Barton, I.R.E., July, 1931, p. 1131. 
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Need for Tuned Radio-frequency Amplifiers. —There are two factors 
which make it advisable to have one or more stages of radio-frequency am¬ 
plification, tuned, ahead of the detector. As was shown in Chapter VI the 
efficiency of any ordinary kind of rectifier, acting as detector, varies nearly 
with the square of the signal voltage. Thus if the strength of a signal, while 
it is still in radio-frequency form, can be amplified ten times the strength of 
the signal after it has been changed to audio frequency by the detecting 
tube will be one hundred times as strong. If we can use two stages of 
radio-frequency amplification ahead of the detector, each giving a voltage 
amplification of ten times the voltage of the signal at the detector, input 
will be one hundred times as great as though no radio-frequency ampli¬ 
fication had been employed. And the current in the loud speaker will 
be ten thousand times as great. It is really the peculiarity of the law of 
detector action which makes radio-frequency amplification so useful 
from the standpoint of signal strength. 

With the ever-increasing number of broadcasting stations crowding 
close to each other in the available frequency range, the advantage of 
the tuning available in two or more radio-frequency circuits spells the 
difference between success and failure of radio broadcasting. An untuned 
receiver today would be practically worthless. 

Radio-frequency Transformer with Tuned Secondary. —In Fig. 34 is 
shown the simple circuit 
arrangement of one stage 
of a tuned radio-frequency 
amplifier; for broadcast 
frequencies the two coils L\ 
and Ly are generally single¬ 
layer solenoids, but for 
lower frequencies the 
primary coil Li is some¬ 
times made of two or three sections wound in shallow slots in a molded 
form of some insulation material. 

The circuit of Fig. 34 may be replaced by that of Fig. 35 in which Cg^ 
and Rg^ are the capacity and resistance of the input circuit of tube 2, and 
the signal voltage Eg actually impressed on the grid of tube 1 is replaced 
by the voltage jiEy^ acting directly in the plate circuit of tube 1. 

We first replace Rg^ by an equivalent series resistance in accordance 
with Eq. (38) of Chapter II; for a resonant circuit this may be written 

1 



Fig. 35.—The circuit equivalent of Fig. 25. In 
this diagram the capacity between grid and plate 
of the triode has been neglected. 


Let this give for the total series resistance of the L 2 -C 2 circuit a value R 2 . 
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Now applying formulas (108) and (109) of Chapter I and remembering 
that we adjust C 2 for resonance with the signal frequency, 




Ri 


L'i==Li. 


Total effective primary impedance Z'l = 




Primary circuit current 1 1 = —-^^ 


R' AoiLi'' 

Voltage induced in secondary coil, Ki — \ = 

Secondary current 1 2 — ^ = 


^ R'\~ -\-cjoLE 


Ri R2^ R'C A 


The voltage across the input circuit of the second tube, is evidently 
the same as the voltage across L) so 


03^ M IjojJiE,, 


Eg^ = O3L211 = - 7 ^=^ 


Rp<y'ii\-+o>L/ 


The quantity a)Li“ is ordinarily very small compared to so we may 
simplify the above to the approximate form 


and 


00“ M fjyf^Eg^ 03“ M Ly^E g^ 
RiR'x ~ 


Eg,__ 03^“ML2 H 

Ey^ R2RpAooM‘' 


(17) 


Evidently the voltage amplification depends upon the value of M. By 
differentiation the optimum value of A/, so far as voltage amplification is 
concerned, is given by 


A/"- 


RpR 2 

03 “ 


(18) 


Substituting this value of M in (17) gives as the highest amplification 
obtainable 


Eg^ 03L2iJ>y/RpRz g ^E'l 

2ltplt2 2 V hI Vffi 


(19) 


It appears then that to get the highest amplification we must use a good 
coil in the tuned circuit (high 03 L 2 IR 2 ratio) and a tube should be used 
which has a high ratio of g /Rpy that is, high transconductance. Selecting as 
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typical values m = 6, 10,000 ohms, Li = 36 L 2 = 256 w = 3Xl0®, 

Rg^ = 10^y /^2(coii)= 3^ ohms. Changing Rg^ into its equivalent series 
resistance gives r = (jiL^ IRq^ = 0.59 ohm. Hence the total equivalent series 
resistance of the secondary circuit is practically 4 ohms. 

Now by Eq. (18) the optimum value of M is equal to V4X10‘*/(3X10®) 
= 66.6 jjih. Using this value of M to get maximum amplification gives a 
ratio of EgJEg^ — ll.5. Thus one stage of this amplifier would raise the 
voltage for which it is tuned 11.5 times. 

In an actual set using the constants stated above the manufacturer 
used a mutual induction of only 29 ^h. This value of M, substituted in 
Eq. (17) gives 

Eg^ (9 X10^ -0 X (29 X10 -^) X (256 X10 -^) X 6 

Eg^ (4XlO^) + (9XlO’“0(29XlO-‘')" “ ‘ * 

Thus dropping the mutual induction from 66.6 fxh to 29 fih decreases the 
voltage amplification from 11.5 to 
8.45. 

In another set as manufactured 
Li=5ju/j, L2 = 250 m/^; X = 0.5; 

M=17 nh; and, for aj = 6XlO^', Ry 
was 15 ohms. This gives a volt¬ 
age amplification per stage (using 
a tube liaving n = H) of 6.1. 

Effect of Coupling upon Selec¬ 
tivity.—From the above calcula¬ 
tion it would se('m that tight 
coupling should always be used 
between the primary and sec¬ 
ondary coils of the transformer, to g('t the high value of voltage- 
amplification, yet in actual sets it is never done. The reason is that 
the selectivity of the tuned circuit rapidly decreases as the primary 
and secondary coupling is increased, and with the optimum couphng 
given in h]q. (18) the effc'ctive resistance of the secondary circuit is just 
doubled by the effect of the triode plate circuit. I'he selectivity of the 
circuit is therefore lialved, and it is because of tins effect that ordinarily 
a tuned radio-frequency amplifier uses less than the optimum value of 
coupling. Thus, in the set specified at the end of the above section, the 
mutual induction to get maximum amplification would be 45.6 iihy a value 
unattainable with the values of L\ and This value of M would have 
increased the effective resistance of the tuned secondary circuit from 15 
ohms to 30 ohms; with the value of M actually used the circuit resis¬ 
tance was increased from 15 ohms to only 17 ohms by the effect of the 
plate circuit of the triode. 



Fio. 30.—Resistance variation of a single 
layer .solenoid designed for use at about 
400 kc. 
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Experimental Proof of Above Theory. —Pratt and Diamond ^ report the 
result of tests on radio-frequency amplifiers, used in aeroplane receivers; 
they show the effect of different construction of coils, and various couplings, 

on amplification and se¬ 
lectivity. In all their 
tests the secondary coil 
L 2 was a single-layer sol¬ 
enoid, If in. in diam¬ 
eter, winding in. long, 
consisting of 250 turns 
of No. 34 enamel-covered 
wire. This coil showed 
a resistance with fre¬ 
quency variation, as 
shown in Fig. 36. Its 
Hiductance was nearly 
0.002 henry. 

They tried the effect 
of using primaries of the single-layer solenoid type and of windings con¬ 
centrated in one or more slots. The coils all had a diameter of 1J in. 

By using more or le^ss turns in the primary winding the mutual induction 
was changed and the amplification per stage was measured. Fig. 37 
shows some of their results. P^vidently 
the double-slotted primary was the best 
coil to use, and it is also evident from 
the curves that the value of mutual 
induction is not a very critical factor 
in determining maximum amplification. 

For instance, when*Af was changed 
from 1000 tih to 600 nh the voltage am¬ 
plification changed only about 10 per 
cent. From the standpoint of selec¬ 
tivity the value of 600 /x/i would be 
much better than 1000 as the resistance 
introduced into the tuned circuit, by 
the plate circuit of the triode, would be 
only (600/1000)2 qj. q 30 much. 

In Fig. 38 is shown the effect on 
selectivity, of the tuned circuit, of 
varying the coupling between primary and secondary coils, the primary 
being the double-slotted one of Vig. 37. It is evident that the greater 
selectivity is obtained when smaller coupling is used. The coupling of 
1 1.R.E., Feb., 1929, p. 283. 



Fig. 38.—EfToct of r*ouj)linK upon 
selectivity of secondary circuit. 



Fiq. 37.—Variation of voItaj 2 ;e amplification (R.F.) per 
stage as coupling is varied. 
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532 [ih gives more than twice the selectivity had with M = 1065 ^hy and 
inspection of Fig. 37 shows that the change in amplification as M is 
decreased from 1065 to 532 fih is only about 12 per cent. 

Effect of Capacity Coupling between Transformer Coils.—The lower 
part of the primary and secondary coils are ordinarily connected together 
at the bottom; not actually connected together by a wire but by the use 
of bypass condensers they act as though they were connected together 
so far as alternating potentials are concerned. Then the upper part of the 
primary coil will act as toward the secondary as one side of a condenser, 
giving capacity coupling between the two coils as suggested by the small 
condensers C, C, of Fig. 39. This capacity coupling, in addition to the 
magnetic coupling between the coils, makes the solution of best mutual 
induction, etc., difficult. 

The circuit is outlined in Fig. 40, the condenser Co representing the 
condensers C, C of Fig. 39. Diamond and 
Stowell ^ investigated this problem experimen¬ 
tally, and some of their results are given here. 

The secondary coil was the solenoid previously 
referred to, 1| in. in diameter and in. long, 
of 250 turns of No. 34 enameled wire, having 
1900 jjlIi inductance. Their tests were carried 
out at 290 kc. where the coil had 70 ohms re¬ 
sistance. The triode they used had g = 6 and 
Hp = 18,000 ohms. The priirtiry was wound as 
a single-layer solenoid Ij in. in diameter, of 
various lengths up to lij in. The capacity 
coupling (Co of Fig. 40) naturally increased as the primary coil was 
made longcn*, i.o., avouikI with more turns. Their results w’cre as follows: 



Fig. 39.—A radio frequency 
transformer has capacitive 
coupling as well as mag¬ 
netic coupling. 
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By using the conditions given in Eqs. (18) and (19), it seems that the 
optimum coupling demands a mutual induction of 630 g/i, and that with this 
amount the amplification per stage should be 9.5. The greater value of 
M required and the smaller amplification obtained may be due to the 


lI.R.E., Sept., 1928, p. 1194. 
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resistance of the input circuit of the next triode, connected across the 
tuned secondary circuit, or it may have been due to the effect of the ca¬ 
pacity coupling, which was not considered in deriving Eq. (18). 

Effect of the Input Circuit upon Amplification. —If the resistance of 
the grid-filament circuit of the second tube is 10^' ohms its equivalent 
series value is 2.25 ohms (when L 2 = 250 ^xh and a> = 6XlO^) and so as the 
coil itself will have about 15 ohms resistance, the grid-filament circuit 
does not have a serious effect on the value of Ro. If, however, the value 
of Rg^ falls as low as 10'’ ohms (as is possible) then the resistance of the 
L 2 -C 2 circuit is more than doubled as a result of the grid leakage. By 
holding the grid of the tube sufficiently negative, the resistance of the 
grid-filament circuit is maintained at a reasonaljly high value. 

The capacity of the input circuit proves most troublesome in limiting 

the frequency range to which the circuit can be tuned. If the effective 

input capacity of the tube is 20 fx/jf and Uiat of the wiring, distributed 

capacity of L 2 , etc., is 10 fxfxf then the minimum Circuit capacity is 30 ix/xf. 

If the maximum value of the condenser C 2 is 300 jd^xf (a common value) 

the frequency range is only \/330, 30 = 3.3. 

———AMA —This is about what is available in a well- 

^ /.,|a designed set. If the wires have not been 

^ 7 =c carefully placed, and stray capacities not re- 

'j i " duced as much as possible, less fre(|uency 

^ • 1 w range than this is available. 

Fig. 40 .—Circuit equivalent to V n 1 i i r 1 1 1 

that of Fi‘>-. 39. nearly always be found that the 

tuning of the Lz C> circuit is very broad at 
the higher frequencies. There are two reasons why this is so, n'sistance, 
and effect of the plate circuit. The effective resistance of the Lz Cz cir¬ 
cuit is much higher than at the largiT condenser settings, due primarily to 
the grid-filament resistance of the second tube. If tlie freipiency range 
is 3.3 to 1, as above, then the equivalent series resistance of the grid- 
filament shunt resistance is ten times as great on the high freiiuency as 
on the low. 


It is possible that this very great increase in n^sistance of the Lz C 2 
circuit is not noticed in an actual set because^ the regenerative action of 
the grid-plate capacity of the tub(^ is more effective at high than at low 
frequencies. There are many actions taking place simultaneously in 
these circuits so it is difficult to make measureimmts showing the effect of 
only one of them. 

DiflSculties in Tuned Radio-frequency Amplifiers.— As was mentioned 
in the discussion of Fig. 81 of Chapter VI the effect of the capacity coup¬ 
ling, inside the triode, between the grid and plate circuits is very likely to 
result in oscillations in the tuned circuits. It is not necessary to have 
both circuits tuned; a tuned grid circuit, with sufficient inductive reactance 
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in the plate circuit, may set up oscillations with no other coupling than 
that inside the tube. This becomes increasingly likely as the oscillatory 
circuit is made more efficient (less resistance) and as the circuit is adjusted 
for higher frequencies. 'J'hus a radio-frequency, transformer-coupled, 
tuned amplifier may operate well at the larger values of the tuning con¬ 
densers; as these are diminished the tuning becomes sharper, denoting 
to the skilled engineer the presence of a regenerative action, and as they 
are made still smaller, oscillations are set up in the tuned circuits and for 
reception of radiophone signals the amplifier is useless. 

Use of the Loss Method to Prevent Oscillation. —Various schemes 
have been devised to control these oscillations in tuned amplifiers, in 
which the resistance of the oscillatory circuit is sufficiently increased 
at the higher frequencies to offset the tendency of the tube to generate 
oscillations. 

Some attempts have been made to cause the required increase in resis¬ 
tance to take place automatically as the tuning condenser is turned to its 
smaller values, but 
this is a feat difficult 
of accomplishment be¬ 
cause the regenerative 
action depends on 
several other features 
besides the value of 
the tuning condenser. 

Thus the grid bias, 
the voltage of the B 
battery, and filament 
temperature affect the 
regenerative action, and of course, the regenerative action may change by 
25 to 50 per cent when a new tube is substituted for an old one. In 
general then the loss methods must be under the control of the operator. 

Grid Bias Method of Control. —In Fig. 41 is shown the scheme which 
has frequently been used to stabilize high-frequency tuned amplifiers. A 
high resistance, P, is connected directly across the A battery and the 
tuned input circuit, L-C, is connected to the filament circuit at the 
sliding contact A, on this potentiometer. Thus the average grid potential 
(grid bias) can be given any value between that of the negative end and 
that of the positive end of the A battery. By reference to Fig. 75 of 
Chapter VI it will be seen that the resistance of the input circuit of 
the average tube can be changed from about 1 megohm down to a 
few thousand ohms by such a scheme. If higher values of input resis¬ 
tance are desired the filament rheostat may be put in the negative lead 
to the filament, instead of the positive as shown in Fig. 2, p. 980. 




41.- Ono sclionie for controlling reKcncnition. The 
average j)otential of the grid is determined by the 
setting of 4, on potentiometer P, and thus the effective 
resistance of the tuned input circuit is controlled. 
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As has been previously pointed out, the resistance of the input circuit 
of the tube is a shunt resistance for the tuned circuit and may be changed 
to its equivalent series resistance by the relation 

w-L- 

rserles — ^ 

IV shunt 

It is thus possible to change the equivalent series resistance of the tuned 
circuit from its normal value of a few ohms to several hundred ohms, and 
this is generally sufficient to control the tendency of the tube to generate 
oscillations. 

Another scheme for preventing undesired oscillations due to grid-plate 
capacity is to use a reasonably high resistance in each grid lead, right 
next to the grid. Several hundred ohms are sometimes necessary. (See 
p. 625.) 

Balanced or Neutralized Radio-frequency Tuned Receivers. —The ten¬ 
dency of the tuned radio-frequency amplifier to generate oscillations is 
caused by the feeding of energy from the plate circuit to the grid circuit. 
The action must, of course, be a reciprocal one in the production of oscil¬ 
lations, because a condenser permits current to flow both ways. The 
grid potential first affects the plate current (for a disturbance starting 
in the grid circuit) and the change in plate current, acting through the 
inductive reactance in the plate circuit, produces a change in plate voltage. 
This change in plate voltage acts through the grid-plate capacity to cause 
a voltage in the grid circuit to maintain and augment the disturbance we 
have imagined there. From this viewpoint it is evident that if the grid 
potential is not allowed to change, due to the change in plate potential, this 
feed-back, or regeneration, action could not occur. Another, and opposing, 
voltage can be introduced into the grid circuit by an electromagnetic 
coupling between the grid and plate circuits. Such an expedient can be 
expected to work over a comparatively narrow frequency band, however, 
as it is not possible to just balance a capacitive feed-back by a magnetic 
feed-back throughout a wide range of frequencies. The magnetic feed-back 
must be made adjustable if such a scheme is to be most effective, and the 
operator will have to change the magnetic coupling as he changes the 
tuning condenser. 

The bettor scheme is to utilize another capacity feed-back between the 
plate and grid circuits and to so arrange the circuit that the voltage im¬ 
pressed on the grid through this added condenser is just equal and opposite 
to that impressed on the grid through the plate-grid capacity. It will 
be seen that this scheme involves the selection of a suitable point in the 
grid circuit and connecting this point to the plate through the added 
balancing condensei, or the selection of a suitable point in the plate circuit 
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and connecting this point to the grid through the balancing condenser. 
In case the circuit arrangement is such that the suitable points called for 
cannot be located it may be necessary to add a coil in one or the other 
circuit, or to seek a point in a circuit coupled to the grid or plate circuits. 

In either case the requirement is very simple. Another feed-back 
must be introduced between the grid and plate circuits, utilizing a condenser 
through which to impress the additional desired voltage and arrange this 
added feed-back so that the voltage it supplies is just equal and opposite 
to that supplied through the grid-plate capacity. Many sets have been 
put on the market in which this balancing scheme is employed; some of 
them neutralize from grid circuit to plate and others neutralize from plate 
circuit to grid. 

In Fig. 42 is shown one method of applying neutralization, this being 
of the so-called grid form. The fila¬ 
ment is connected, not to the end of 
the coil, ACy of the input circuit, but 
at an intermediate point By which 
may be the middle. Then conden¬ 
ser C 2 is connected as shown, and, 
if point B is the midpoint of coil 
AC then condenser C 2 is given a 
capacity equal to the grid-plate ca¬ 
pacity of the tube, indicated in Fig. 

42 by the condenser Ci. Merely by 
inspection it can be appreciated that 
any tendency to make the L-C cir- , , 

cult oscilliito, due to voltage from e,„Klcnser C.. is added to the circuit, 

the plate being impressed on point if ^ ,i,e mid-point of the coil, con- 

A through condenser C\ will be mil- denser Ci is made equal to condenser Ci. 

lified by the equal and opposite volt¬ 
age impressed on point C through C 2 . Thus a change in plate voltage can¬ 
not start oscillat ions in the L-C circuit. It will be further appreciated that 
any disturbance set up in the L C circuit cannot affect the plate volt¬ 
age as condensers Ci and C 2 will produce equal and opposite effects on 
the plate for any current circulating in the L-C circuit. 

It is not necessary to have point B in the middle of coil L at all. It 
might be anywhere in the coil and the scheme will still work provided the 
capacity of condenser C 2 is properly chosen. It will be appreciated that, 
to get equal and opposite voltages on the plate the ratio of condensers 
Cl and C 2 must be fixed by the ratio of voltages across BC and BA, But 
condenser Ci cannot be altered as it is inherent in the tube, so condenser 
C 2 is the one which must be changed to effect neutralization. This is so 
adjusted that the ratio of Ci to C 2 is the same as the ratio of turns from 
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CB to BA, The fewer turns there are in the coil L from C to B the larger 
must C 2 be to balance the effect of Ci. 

To make the scheme work satisfactorily it is advisable to have reason¬ 
ably tight magnetic coupling between the two parts of coil L, AB and BC. 

In Fig. 43 is shown one arrangement for effecting neutralization from 

the plate side of the triode. 
As it is normally impossible 
to find a point directly in the 
plate circuit which has oppo¬ 
site potential to that of the 
plate we have recourse to the 
same expedient as used in 
Fig. 42. Instead of making 
the filament connection 
(through the B battery) to 
the end of the plate coil AC 
we connect it at a mid¬ 
point B. Then point C will 
go up and down in potential 
in phase opposite to the potential of the plate; just the same as in Fig. 
42 points C and A have opposite voltages. In Fig. 43 the neutralizing 
condenser C 2 is connected between point C and the grid. If point B is 
not the midpoint of coil AC then C 2 will have a different capacity than 
Cl, its value being greater as the turns from B to C are fewer. 


I iCi 



-M 


Fig. 43. —The so-called “plate form” of neutrali¬ 
zation. Its action is fundamentally just the 
same as the “grid form” shown in Fig. 28. 



Fig. 44.—The neutralizing condenser €■> may be excited from a point which is neither 
in the grid circuit nor plate circuit of the triode to be neutralized. 


In Fig. 44 is shown the scheme which has been used more than any 
other on commercial sets. Here the point of potential opposite to that 
of the plate is found in the secondary of the plate-circuit transformer, 
that is, in the input circuit of the next tube. In Fig. 44, the point is 
shown as an intermediate one on the secondary coil but this point may, 
of course, be the end of the coil. In this scheme it is important that 
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the primary and secondary coils of the plate transformer be connected 
with proper relative polarities, otherwise point A will have a voltage of 
the same phase as that of the plate and then of course the “ neutralizing 
circuit will act to give added regenerative action to the tube. 



Fig. 45.—A neutralized (or l)alan(‘ed) radio frequency amplifier used in the radio beacon 

sei*vice. 



For special receivers used in aeroplanes this type of circuit has found 
favor. Fig. 45 shows the circuit diagram of one of those as given by 
Pratt and Diamond.^ There arc 
three stages of r.f. neutralized am¬ 
plification and a regenerated detec¬ 
tor. Each of these stages is in a 
completely shielded compartment. 

As the circuits have to tune for 
only a narrow range (285 kc. to 
350 kc.), a fixed condenser is used in 
each tuned circuit in addition to a 
small variable one of only 150 jujuf 
capacity. The regenerative action 
of the regenerative detector circuit is controlled by resistance R. The 
neutralizing condensers are shown by C,,. The set is battery operated, 
weighs only 18 lb., and yet delivers 6 milliwatts output when using a pole 
antenna only 10 feet high, having a capacity of 25 /z///. The field strength 
required, and the selectivity curve of the set, are shown in Fig. 46, and 
Fig. 47 shows the sensitivity throughout the frequency range for which the 
set is designed. The 6 milliwatts are sufficient to operate the reed indi¬ 
cators used in the radio beacon service. (See p. 968.) 

Although the so-called “ neutrodynereceiver has already passed out 
of use, neutralizing condensers are still used in many modern transmitting 
sets, generally of the push-pull type. (Sec pp. 818-819.) In this type of 


Fig. 46.—Selectivity curve of the set 
shown in Fig. 45. 


‘ I.R.E.. Feb.. 1929, p 283. 
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circuit, the point of ^'opposite potential'^ for furnishing ihe neutralizing 
voltage for one of the tubes is always found on the other tube of the push- 
pull pair. 

Adjusting a Balanced Receiver. —The capacity of the balancing con¬ 
denser C 2 (Fig. 44) is only a few micro-microfarads and it must be carefully 

adjusted to get the proper balance. 
It is frequently done by opening the 
filament circuit of the tube and send¬ 
ing a signal through the circuit; the 
filament being dead there is no plate 
current, so if the signal does come 
through it is coming through one of 
the condensers Ci or C 2 . The capacity 
of C 2 is then altered (by a screw 
driver having along insulating handle) 
until minimum signal is heard. 

Another method is to tune the amplifier circuits, input circuit of the 
tube being tested and the input of the succeeding tube, with the tube operat¬ 
ing normally. With sufficient B battery voltage, the set will oscillate if 
the circuits are efficient. The oscillations will be heard if another oscil¬ 
lator is operating in the vicinity, at nearly the same frequency. When the 
beat note is heard the operator adjusts the value 
of Co until oscillations stop (the beat note dis¬ 
appears). The oscillations will be prevented by 
C 2 within a certain narrow range of its adjust¬ 
ment. These two limiting values of €> are noted 
and it is left set at a point midway betw^een the 
two limits. 

It will be appreciated that a set which has 
been accurately balanced at the factory may dis¬ 
play the characteristics of a regenerative receiver 
when in use. Tubes fail and must be replaced 
by others and in the past the plate-grid capacity 
of tubes available on the market has varied 
within wide limits. Thus if the tube capacity 
with which the set was balanced was 6 and 
the new one put in has 8 ^im/, the amplifier is 
almost sure to oscillate, especially at the shorter wave lengths. 

Many of the neutralized sets on the m*arket will not oscillatc on the longer 
wave adjustments even if the neutralizing condenser is disconnected but 
will oscillate violently on the short-wave adjustments. Such a set is poorly 
built (in that its circuit resistances are too high) and is improperly 
balanced. The values of its neutralizing condensers should be changed. 



Fig. 48. —Effect of chang- 
ing the neutralizing 
condenser of a balanced 
circuit. 



Fig. 47.—Sensitivity of the set shown in 
Fig. 45; a ten foot pole is the only an¬ 
tenna used. 
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Effect of Improper Setting of the Neutralizing Condenser. —Nelson ^ 
has analyzed the regenerative action of a poorly balanced circuit, following 
the method given by Beatty ^ and has experimentally tested the theoretical 
conclusions reach by Beatty. Fig. 48 shows the results of one of his tests. 
The radio-frequency stage with which he was working, when perfectly 
balanced, gave a voltage amplification of nearly 10. As the balancing 
condenser was made either too large or too small regenerative action set 
in, giving much greater amplification. If the condenser was changed from 
its proper value (a few micro-microfarads) by an amount much in excess 
of 5 per cent the regenerative action was so strong that the set went 
into oscillation. The width of this stable zone varied from 10 per cent 
variation for some triodes to 20 or 30 per cent for others. 

Eliminating Stray Coupling. —The coupling between stages, or between 
parts of one stage, may tend to produce oscillations. To prevent capaci¬ 
tive coupling the wires of opposite electric polarities should be kept far 
apart, and be made small. To prevent magnetic coupling between various 
parts of the amplifier, wires should be short, and coils should be of astatic 
form or properly 
oriented one to the 
other. The axes of 
adjacent solonoidal 
coils may be made 
mutually perpendicu¬ 
lar as one method but 
this does not lend 
itself so easily to 
manufacturing processes. If the solenoidal coils are arranged in a row, 
axes parallel, and making the proper angle with the line connecting the 
solenoids there will be zero magnetic coupling. This arrangement is 
indicated in Fig. 49. Hazeltine has given the value of the proper 
angle as 55°. 

Of course one of the expedients is to properly shield (see Fig. 45, p. 
1019) successive stages from one another. Thus if a tube with its proper 
associated circuits is mounted on insulating material inside a copper 
can and the can is grounded the inside circuit is well shielded against 
radio-frequency disturbances. The various tuning condensers used in the 
r. f. stages should each be in a separate, metal enclosed chamber, the 
metal being grounded. 

Whem, as is generally the case, a common B battery is used for all 
stages it is well to shunt it by a suitably large condenser to make its 
impedance low for the radio-frequency currents. As a battery is used 





_ 


Fia. 49.—Short solenoids arranged as shown here will have 
practically no mutual induction. 


11.R.E., Jan., 1930, p. 88. 

* Experimental Wireless and Wireless Engineer, Jan., 1928. 
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up its resistance increases very much but a 1 /i/ condenser across its 
terminals will reduce the impedance for the radio currents to only a frac¬ 
tion of 1 ohm. 

It will be noticed that all the illustrations of power packs/’ that is, 
circuits fed by rectified alternating current, condensers for by-pass action 
are placed between each and every separate power lead to ground. In 
the radio set itself every part of the circuit which is not necessarily variable 
in potential is connected to ground through condensers of 0.1 luf capacity 
or larger. 

Effect of Plate-Grid Capacity on Tuning. —It has been pointed out that 
the effect of the inter-electrode capacity is to cause regeneration in a 
circuit having tuned input and tuned output circuits and of course regen¬ 
eration tends to sharpen the tuning of the circuits. However, if the 
regeneration is neutralized, by one of the schemes just discussed, another 
effect becomes noticeable. 

The grid-plate capacity forms a coupling condenser for the two tuned 
circuits, which have a common connection at the filament. The arrange¬ 
ment of circuits is then exactly the same as that of Fig. 143, p. 147, and it 
is shown there that such a pair of coupled circuits gives two resonance 
peaks. The grid-plate capacity of the amplifier circuit corresponds to 
condenser Cs of this figure. On p. 147 it is shown that the effect of Cs (in 
giving two resonance humps) depends upon the ratio of C 3 to the capacity 
in the two tuned circuits. 

In an actual broadcast receiver the effect of this tube-coupling capacity 
is not noticeable at the larger values of the tuning condensers but at the 
smaller values, where the capacity is about 50 the grid-plate capacity 
(which is about 10 /xp/on a modern amplifying tube) has a powerful enough 
influence to very materially broaden the resonance curve, and sometimes 
to actually produce two resonance peaks. 

Use of Regeneration in a Balanced Amplifier. —The regenerative 
connection (Fig. 182, Chapter VI) of a receiving tube offers very great 
advantage over the non-regenerative (balanced) type of circuit in so far as 
sensitivity is concerned but has the very great disadvantage (in crowded 
communities) of acting like a miniature continuous-wave transmitter when¬ 
ever it oscillates. Thus such receivers are of great harm in the broadcast 
field and should never be used because, even though not used in the oscil¬ 
latory condition, during the adjustment of the receiver it is sure to oscil¬ 
late and thus give the disagreeable whistling note in many nearby receiving 
sets. It is possible to get the advantage of regeneration without bothering 
other listeners by interposing one or two stages of balanced radio-frequency 
amplification between the regenerative tube and the antenna. Thus in 
Fig. 45, p. 1019, even if the detector should oscillate no radio-frequency 
could be fed to the antenna because of the three neutralized stages inter- 
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veiling the neutralizing condensers actually make a “ one-way repeater 
cut of the triodes. 

Amplifiers Using the Shield Grid Tube. —Practically all amplifiers are 
built nowadays with shield (screen) grid tubes, described on pp. 532 and 689. 
The effective capacity from control grid to plate in this type of tube is 
reduced to about 0.01 /xp/, so small that no appreciable feed-back takes 
place from grid to plate. 

The amplifying factor of this tetrode is very high, several hundred being 
the ordinary value. The plate circuit resistance (a.c.) is also very high, 
being generally 200,000 ohms or more. To match this high internal 
resistance by an outside load of equal amount is not possible, so the full 
amplifying power of these tubes is not obtainable. But badly as the 
load may match the internal resistance of the tube the available voltage 
amplification is much greater than can be realized with ordinary triodes, 
so the screen-grid tubes are almost universally used. 

In Fig. 50 there is shown an amplifier having three of these shield grid 
tubes. A choke coil L\ carries the normal plate current; it has sufficient 
inductance to show a very high impedance in the broadcast band. The 
limed circuit connected to each input is made up of coil L and condenser C 
of about 300 at its resonant frecpiency this circuit shows about 

50,000 ohms resistance^ so that about 25 per cent of the n of the tube is 
utilizeal. The tuned circuits are coupled to the plate circuit of the pro¬ 
ceeding tubes by the small coupling condensers. Coils and condensers 
are in shielded compartments so that no stray fields can reach from one 
stage into the next. 

When phonograph excitation of the audio end of the amplifier is wanted, 
the pick-up is inserted in the lead between condenser Co and ground, of 
the input circuit of the detector tube. This scheme then uses the detector 
tube as an audio amplifier stage, and gives plenty of loud speaker volume 
even with a low-voltage pick-up. When being so used the tuning con¬ 
densers are turned to their minimum setting, and this adjustment auto¬ 
matically opens the lead from Co to ground so the phonograph attachment 
is ready to operate, and at the same time prevents radio-frequency signals 
from getting through. 

By building an amplifier of screen-grid tubes, each in a separate copper- 
lined compartment IIulF reports unbelievably large amplifications. At 
50 kc. he reports the voltage amplification per stage as 200, this diminish¬ 
ing with increasing frequency but still giving a voltage amplification of 
7 per stage at 10,000 kc. He obtained an overall voltage amplification 
of 2 million at 50 kc. and 10,000 at 10,000 kc., the latter using five stages. 

Resistance-repeating Amplifiers. —We will first discuss this type of 
amplifier relative to audio-frequency amplification. The diagram of Fig. 

* See al)stract in Phys. Rev., Vol. 23, p. 299, 1924, 
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Fig. 50.—a typical broadcast receiver using three stages of screen grid amplifiers; a push-pull stage feeds the loud S] 
through a transformer having a step do^\^l ratio of about 30, making the low resistance coil of the speaker ap] 
several thousand ohms to the output triodes. 
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51 shows such an amplifier for three stages. The incoming signal voltage is 
applied to the points QS and is caused to affect the grid of tube 1 through 
the means of the high resistance R. The grid and filament of tube 1 





are connected across the resistance R through the comparatively large 
condenser Ci; a leak resistance ri is connected from the grid to the filament. 
The purpose of the leak resistance and of the condenser Ci will be ex¬ 
plained later, but it will be presently understood that any variations 
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of potential difference across R will be impressed upon the input circuit 
of tube 1 with the exception of any drop of potential which may take place 
in the condenser Ci. 

The variations of the grid potential of tube 1 will cause a correspond- 
ing variation of the plate current in this tube, and hence a varying differ¬ 
ence of potential will exist across the high resistance K\. Since the point 
0 is at constant potential it is plain that the potential difference between 
the points k and o will be varied and, as the battery resistance is com¬ 
paratively low, the variation of this potential difference must necessarily 
be very nearly the same as that across Ri. 

The grid and filament of tube 2 are connected across k and o through 
the comparatively large condenser C 2 , and, therefore, any variation in 
the potential difference across k and o will be impressed upon the grid 
of tube 2, or, in other words the signal will be repeated into the second 
tube by means of the repeating resistance R\. 

In a similar manner the signal will be repealed from tube 2 to 3, 
where it will be picked up on the receivcTs. The purpose of the grid 
condensers C 2 and C 3 is to insulate the grids of tubes 2 and 3, respectively, 
from the batteries Bi and ^ 2 . Thus, if condenser Co were removed it. is 
plain that the grid of tube 2 would then be connected to battery ^1 
through the rt'sistance i?i, and the battery would impress such a high 
positive potential upon the grid as to .surely spoil the tube. A similar 
reasoning applies to the case of grid condenser Ci in so far as it insulates 
the grid of tube 1 from any high direct electromotive force which may be 
to the left of the points QS; sometimes, as will bo shown later, it is pos¬ 
sible to dispense with the grid condenser Ci and the resistances n and R 
for the first tube. 

As regards the leak resistances ri, r2, rs, they are made necessary by 
the use of the insulatihg grid condensers Ci, C 2 , and C 3 . It has already 
been found in Chapter VI, p. 509, that, when a condenser is connected 
in series with the grid, if the grid is very highly insulated, the operation 
of the tube is very uncertain. The accumulation of electrons in the 
grid generally forces it to assume a negative potential of one or two volts, 
this amount depending upon filament current, etc. If a sudden pulse 
of e.m.f. (such as given by a stray ”) is impressed on the grid it 
probably will accumulate sufficient electrons to force the plate cur¬ 
rent to zero and this accumulated charge of electrons in the grid has no way 
of escaping. 

Of course as long as the plate current of one tube is zero the amplifier 
is “ dead it is said to be paralyzed ” or ‘‘ blocked.The grid of 
a triode should never Ije left ‘‘ free or floating,'' as the behavior of 
the tube will then always be erratic. As to just how much leak resistance 
is required from grid to ground to make the tube stable depends upon the 
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size of the tube and degree to which it has been pumped; it may be any¬ 
thing between 10'^ and 10^ ohms for the small tubes used for amplifiers. 

Suitable Values of Repeating Resistances. —Confining our attention 
to the repeating resistance from tube 1 to tube 2, i.e., Ri (Fig. 51), let: 

Eg^ = effective value of alternating voltage impressed upon the 
grid of first tube; 

Eg^ = effective value of alternating voltage impressed upon the 
grid of second tube; 

= effective value of alternating component of plate current 
of tube 1; 

ju = amplifying constant of tube 1; 

Rp = ii.c. resistance of plate-filament for first tube. 


If we assume that the impedance of the circuit k-C 2 -h~y-o is very 
high^ as compared with the resistance Riy then the impedance between 
the points k and o will be made up practically entirely of the resistance 
Rij hence we may write 


Rp-\-Ri 


( 20 ) 


Again, assuming that the reactance Co is very low as compared with that 
of the grid-filament of tube 2, there will be a negligible drop of potential 
over C 2 and the voltage of the grid to filament for tube 2 will be given by: 


and 


Eg^—IpRl 


Rp^R\ 


^Eg^ _ 

'Eg~Rp+Ri 


( 21 ) 

( 22 ) 


p]q. (22) shows that the ratio EgJEg^ increases continuously with increase 
of R\ and it approaches a maximum which will be reached when Ri is so 
large that Rp may be neglected; this maximum will be given by 


Maximum possible value of 


Rqi 


= /i 


(23) 


This result is to be compared with that given by Eq. (14) applying to 
the case of a transformer repeating amplifier, for which 


^ . .11 1 r ^ 

Maximum possible value of ~=M~* 

Eg^ 2 


' At very high frequency the circuit made up of Ci and the input circuit capacity 
of the triode, in series, will practically short circuit the resistance Ri and so decrease 
the amplification to very low values. 
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In order to study more fully the relation expressed by Eq. (22) we have 
plotted the curve, Fig. 52, for which 


m=6 


Rp^lOfiOO 


ReaUtancfl-r«De«tliiir amplifier 
— Curve ehowins theoretical relation 
between tha ratio of the potentials 
_ of two successive rrids and the 
repeating resistance 
_Plate-fiiament A.C. resistance 
= 10,000 ohms 


Impedance of Krid-filament 
circuit was assumed very 
larse as compared witn 
repeating resistance 


The curve shows that it is hardly worth while to increase Ri beyond 
about 30,000 ohms for this particular tube, for the gain in EgJEg^ is 
thereafter too small for even very large increases of Ri, Furthermore, 
it must not be forgotten that the insertion of a resistance in series with 
the plate requires a corresponding increase in the voltage of the B battery 

as previously pointed out. As a matter 
of fact such a tube would probably not 
be used with more than 20,000 ohms in 
the plate circuit. This would require 
a B battery of twice the voltage re¬ 
quired if there was no IR drop in the 
external plate circuit and will give a 
voltage amplification of | of /z (in the 
above case, 4). 

As regards the first repeating re¬ 
sistance R it may bo shown that it 
should be very high as compared with 
the resistance in series with it; the 
latter may be the plate-filament resis¬ 
tance of another tube or the resistance 
of a telephone line, etc. 

The repeating resistances used are 
made up in units of small dimensions, 
approximately ^ inch in diameter and 2 
to 3 inches in length. There are three 
general types in use: Type 1 consists of a tube of insulating material 
wound with one layer of high-resistance wire and coated with enamel; 
it is made up in units up to about 5000 ohms. Type 2 consists of a tube 
of insulating material wound with a few turns of carbon filament con¬ 
taining a large percentage of clay and thus having a very high resistance; it 
is made up in units up to 50,000 ohms. Type 3 consists of an evacuated 
glass tube upon the inside walls of which there is sputtered a film of 
tungsten which'is very thin and therefore of very high resistance; it is 
made up in units up to 2,000,000 ohms. Frequently a small strip of ink- 
coated paper is used, especially for the higher resistances. 

In every case it must be kept in mind that no matter what type of 
resistance is used for repeating purposes it must have a current-cariying 


0 10 20 30 40 

Repeating reactance in thousand ohms 

Fia. 52.—Variation in the amplifying 
power of a resistance-repeating tube 
as the value of the external resis¬ 
tance used in the plate circuit is 
varied. 
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capacity such as will enable it to carry the average current flowing in the 
plate circuit of the tube wherein it is to be connected without overheating. 
Thus, in the case of a tube whose average plate current is 4 milliamperes 
a repeating resistance of 50,000 ohms should be able to dissipate 0.8 watt 
without overheating. 

The repeating resistance should have negligible distributed capacity, 
for this would lower the value of its impedance and cause a reduction 
in the amplification. 

Another important point regarding the resistances used for repeating 
comes up in connection with internal noises in an amplifier. It seems 
that some of the high-resistance units are microphonic,^’ that is, their 
resistance continually varies by a very small amount. It will be at once 
evident that such a resistance will give rise to noises in the amplifier, 
especially if the microphonic resistance is in one of the first stages of the 
amplifier. In general the higher the resistance the more likely is it to 
be microphonic. 

Suitable Value of Grid Condenser.—The grid condenser must have a 
small reactance as compared with the circuit from grid to filament, which 
circuit consists of the leak resistance and the capacity and resistance of 
grid to filament; the point to keep in mind is that the variation of poten¬ 
tial difference existing between the points k and o (see Fig. 51) should 
be made to suffer but a negligible drop over the reactance of the grid 
condenser, so that it may be applied very nearly in its entirety to the 
grid-filament circuit. For audio-frequencies the reactance of the capacity 
of the grid to filament is very high, i.e. (one to two million ohms), and does 
not appreciably affect the impedance between the grid and filament, 
which is almost entirely made up of the leak resistance and the internal 
grid to filament resistance in multiple, which make up a resistance of the 
order of 200,000 ohms. In this case the grid condenser may be allowed 
to have a reactance of 50,000 ohms without seriously affecting the grid 
voltage, or, in other words, for, say, 1000 cycles per second the capacity 
of the grid condenser may be about 1/50,000X6280 or, roughly, 
3000 /jLjdf, 

If, however, the amplifier is used for high frequencies,^ say X = 600 
meters, then the impedance of grid to filament is made up almost wholly 
of the grid-filament capacity reactance, which, for the amplifying tubes 
generally used, is of the order of about 6000 ohms, hence the grid condenser 
reactance should be of the order of about 1500 ohms or less; its capacity 
may then be as low as 200 niif without decreasing the value of Eg^ more 
than 20 per cent. It is then apparent that smaller values of grid condenser 

^ It must be pointed out that the amplifier as arranged in Fig. 51 is not suitable for 
signals modulated at high frequency; the condensers in series with the grids rectify the 
wave trains so that in the later stages of the amplifier, only low-frequency signals occur. 
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capacity may be used at high than at low frequencies. In any case it 
is not advisable to use any larger capacity than just necessary, for in 
doing so, the amplifier is too likely to block for longer periods of time than 
necessary. If a pulse of e.m.f. is impressed on the amplifier all of these 
repeating condensers will become charged and so cut the various plate 
currents to probably zero. Before the amplifier can function the plate 
currents must come back to normal value and this requires that all these 
condensers (Ci, C2, C3, etc.) discharge themselves. The time required for 
discharge is fixed by the time constants, RCy of these condensers. More¬ 
over if C3 and C2 discharge themselves before Ci does they will charge up 
again when C\ discharges, due to this discharge sending another pulse of 
e.m.f. through the amplifier. It is then evident that the time constant 
RC should be only a small fraction of the time between two “ dots of a 
signal, for example, if the blocking is not to interfere with reading the 
signal. Hence RC must be made small and this must be accomplished 
by making C as small as permissible, because if the leak resistance R is 
made small it would decrease the impedance of the grid-filament circuit 
so much that too large a proportion of the voltage IpRp^ would be used up 
across the grid condenser, thus cutting down the voltage impressed on the 
grid. The proper relative values of R and C to keep RC small must there¬ 
fore be a compromise. 

Suitable Value of Leak Resistance. —The leak resistance should be 
as high as possible without causing any of the tubes to block.The 
blocking would occur in case the grid became so negative as to make the 
plate current zero; the signal would, then, not go through until some of 
the electrons had escaped off the grid. 

It is very difficult to lay down any exact rules or formulas as to the 
best value of the leajc resistance since some of the quantities which affect 
it, such as the number of electrons collected on the grid, are somewhat 
indeterminate. It should be kept in mind, however, that a low leak 
resistance reduces the total impedance between points k and o on Fig. 
61 and hence makes the drop over the repeating resistance very small, 
thus diminishing the amplification, and that a high leak resistance may 
cause the tube to “ block.In most amplifiers the leak resistance is in 
the neighborhood of 1 to 5 million ohms. 

Resistance-repeating Amplifier Independent of Frequency.^It has 
previously been shown that transformer-repeating amplifiers give a much 
greater increase of voltage per stage than a resistance-repeating amplifier, 
but it is to be pointed out that the resistance-repeating amplifier has one 
marked advantage over the transformer-repeating amplifier. The curves 
of Fig. 24 show how badly the voice may be distorted by a transformer 
amplifier, certain frequencies being amplified much more than others. 
The resistance amplifier is much superior in this respect as its amplification 
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curve is practically flat. This feature, is brought out by the curves of 
Fig. 53. 

The amplification is essentially constant until the frequency gets so 
low that the reactance of the repeating condenser (Ci, C 2 , and C 3 of Fig. 
51) becomes large enough to compare with the grid leak. The repeating 
condenser should be as small as possible, if quick variations in voice 
amplitude are to be followed, but even so its reactance is negligible com¬ 
pared to the resistance of the leak except for very low frequencies. Thus 
if the repealing condenser has a capacity of 0.01 m/ its reactance for 100 
cycles is about 160,000 ohms. If the leak resistance is 1 megohm then 
even at 100 cycles the reactance of the condenser decreases the amplifica¬ 
tion by only 2 per cent. If, however, the condenser has a capacity of 
0.01 /i/ and the leak resistance is only 50,000 ohms then the impedance 
through the condenser and leak is 
only about 200,000 ohms at 100 
cycles and only 25 per cent of the 
signal voltage will appear across the 
grid of the next tube. The repeat¬ 
ing condenser will absorb 75 per 
cent of the signal voltage. 

In Fig. 54 there is shown a resis¬ 
tance coupled amplifier ^ which has a 
voltage amplification of 3000 to 1 . 

Up to 30 volts output its output is 
directly proportional to the input; 
its amplification is constant towithin 
less than 5 per cent in the frequency 
range from 30 cycles to 100,000 
cycles. Moreover there is a neg¬ 
ligible phase shift for any fre(juency 
in this range, so that a distort(‘d wave input will be exactly reproduced in 
the output. Each stage is carefully shielded from the others, and for the 
special circuit shown it proved advisable to have two separate power 
packs. All the resistors are small, of the so-called metallized type. 

There will be increasing demand for amplifiers of this type as progress 
in the art of television is made. With the schemes of broadcasting tele¬ 
vision signals at present employed there must be transmitted side bands 
at least 100 kilocycles wide, and of course the receiving amplifier must 
“detect'’ this modulated signal and then amplify equally well all of 
the components of the modulation wave. 

The cathode ray oscillograph (p. 44) is useful in testing such amplifiers. 
Its input impedance is so high that it does not appreciably disturb mag- 

' Designed and built by Mr. H. J. Brown, E. E. Department of Columbia University. 
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nitude and phase relations when connected at various points of the 
circuit. 

Inductance-repeating Amplifiers.—This type is similar to the resis¬ 
tance-repeating amplifier, except that instead of a resistance in the plate 
circuit of each amplifying tube an inductance is used whose reactance, at 
the frequency for which the amplifier is designed, is high. The theory 
upon which the repeating action from tube to tube is based is exactly 



Rt« 15,000 “ 

♦ R,-. 2,000 ** 

' R»=. 5,000 

Fio. 54.—A resistance repeating amplifier which has a nearly flat characteristic between 
30 cycles and 100 kilocycles. There is also a negligible change in wave form due to 
shift in phase of the upper harmonics. Two separate rectifying circuits supply 
power between ground and the points marked + 400 volts." 

the same as for the resistance-repeating amplifier and will not be gone 
into here again. This method of repeating has an advantage over resist¬ 
ance repeating in that the repeating inductance offers but little opposition 
to the flow of the direct current through the plate circuit and hence the 
B battery may be of lower voltage than if resistance repeating is used. 
For this reason the inductance-repeating amplifier is to be preferred to 
the resistance repeater for intermediate audio frequencies; but for high 
frequencies the distributed capacity of the inductance introduces difficulties 
which make it less desirable than the resistance repeater, and for very low 
frequencies the inductance required becomes excessively large. 
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Suitable Value of Repeating Inductance. —Let reactance of the 

repeating inductance at the given frequency. Then, using the same 
symbols and making the same assumptions as in the similar discussion 
on the repeating resistance given on p. 1027, we have 


1 


(24) 


The value of the ratio increases continuously with increase of 

Xi and has a maximum of /u which will take place when Xi = oo. The 
relation between EgJEg^ and Xi for a 
typical case is shown by the curve of Fig. 

55 , for which /i = 6 and 7^=10,000 ohms. 

Comparing this curve with the similar one 
for the resistance repeater (Fig. 52), it will 
be noted that the value of EgJEy^ rises 
much more sharply for the inductance 
repeater than for the other, and, as a 
matter of fact, for the same value of 
rep>eating impedance the resistance ampli¬ 
fier gives a considerably smaller ratio of 
EgJEg^ than does the inductance amplifier. 

The curve shows that there is very little 
to be gained by using a repeating reactance 
larger than about 20,000 ohms, or twice 
the resistance of the plate to filament. 

On the basis of 20,000 ohms for the 
repeating reactance the inductance would 
need to be about 60 henries for 50 cycles 
per second and 0.006 henry for 600 
meters. 

Of course the repeating inductance for audio-frequency is built on an 
iron core in view of its very large value. The construction of this induc¬ 
tance is regulated by the same principles as the construction of the repeat¬ 
ing transformers for audio-frequency amplifiers, i.e., low iron losses and 
small distributed capacity together with small dimensions. 

Combination of Resistance and Inductance Repeating. —In Fig. 56 is 
shown a circuit using a resistance in the plate circuit of one triode and 
an iron-core auto transformer feeding the input circuit of the next. The 
response of such a repeating circuit is about as shown in curve B of Fig. 57, 
curve A being the corresponding curve for transformer repeating. By 
choosing the inductance of the coil L and capacity of condenser C properly 
this circuit may be made to show a certain amount of resonance at a 



0 10 20 30 40 

Repeating reactance in thousand ohms 

Fig. 55. —Amplifying characteris¬ 
tics of a tube vising an induc¬ 
tance in the plate circuit; the 
ami)lification obtainable is much 
greater than with the same 
number of ohms of resistance. 
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suitably low frequency; the resonance is not sharp because of the high 
effective resistance of coil L and the resistance R. 

Amplifier for Continuous Current.—All the amplifiers so far considered 
fail at very low frequencies; neither inductance nor capacity can be util¬ 
ized in an amplifier designed for continuous currents because one has 
zero impedance and the other has infinite impedance. 

Lofton and White ^ have discussed various arrangements of so-called 



Fig. 56.—A combination resistance-in¬ 
ductance repeating amplifier; it gives 
high amplihcations at the low frequen¬ 
cies. 


Fig.' 57.—The amplifying curve of the 
arrangement of I'^ig. 56 is shown at 
curve *1 shows the corr(‘s|)onding curve 
for a transformer repeating ampliher. 
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direct-coupled amplifiers, to function at low fretiuencies; in big. 58 is 
shown one arrangement taken from their paper. In Fig. 59 is shown a 
scheme found convenient in our laboratory, utilizing the 350-volt poten¬ 
tial battery for power supply. The circuit draws 1 ampere from the 
battery. The amplification curve is flat from zero to about 5000 cycles 
per second. By using a more suitable tube in place of the four 171 A’s 
in parallel, the capacity to ground across the 1.2-megohm resistor could 
be much diminished and the frequency range could be much extended, 

to possibly 20 kc. Iwen though the input 
capacity of a 171A triode is only about 5 ju/^/ 
(including socket) the capacity reactance to 
ground through a condenser of 20 nnf is only 
800,000 ohms, at 10 kc., and as this capacity 
reactance is in parallel with the 1.2-megohm 
resistor used for repeating it is seen that the 
amplification must diminish before this fre¬ 
quency is reached. 

With a 500-ohm resistive load on the output circuit the voltage ampli¬ 
fication of the set is 31, up to about 5000 cycles; at 10,000 cycles it has 
fallen to 19. 

The power input is 1 volt on 1 megohm, and the output is 30 volts on 
500 ohms; the power amplification is then somewhat over 60 db. 

This amplifier was designed for use with the Duddell oscillograph, as 
its output characteristic Fig. 60, shows. A device which will give 1 volt, 
11.R.E., April, 1930, p. 669. 


Fig. 58.—One arrangement 
of a continuous current 
ampH6er. 
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on a resistance of 1 megohm, will deflect the oscillograph to full amplitude 
at any frequency within its range. Thus a carbon button microphone, 
through a suitable transformer (step-up turn ratio of 150), will make the 
output current of the amplifier fluctuate from 20 to 140 milliamperes, all 
the oscillograph vibrator is capable of handling. The microphone itself 
is developing only a few millivolts. 

Principle of Superheterodyne, or Double Detection, Receiver. —As 

pointed out in the chapter on continuous wave telegraphy, if two radio¬ 
frequency voltages, fi and / 2 , are applied to the grid of a suitably arranged 
detector tube there will be in the output circuit a current of frequency 
/ 2 “/i, and this may well be of audible frequency. 

This idea is used in the double detection receiver. The current gen- 
(‘rated by a local oscillator, combines 
willi the signal current, to give a 
lower-frequency current, but this 
lower-frecjuency current is not of 
audiole frequency. In various types 
of till-! kind of receiver the dif¬ 
ference* frequency ” has been from 
•)() kc. to 200 kc.; in the present 



Fig. 59.—A very convenient amplifier for 
orilinary laboratory use; its output is 
just sufficient to operate a Duddell oscil- Fig. 60.—Characteristic curve of the am- 
loKraph. plifier shown in Fig. 59. 

type of broadcast receiver it is 180 kc. This beat frequency, in the range 
between the received radio frequency and the audio frequency, is called 
tin intermediate frequency; this is abbreviated i.f., as the others are 
frequently abbreviated to r.f. and a.f. 

The radio-frequency current is frequently amplified in one or two tuned 
r.f. stages before being combined with the local oscillator to give the inter¬ 
mediate frequency, and sometimes the signal is combined to give i.f. in 
the first tube circuit of the receiver. 

Modulation Carries Over to Intermediate Frequency.— If a radio fre¬ 
quency of /i cycles is modulated by the frequency p, then this current is 
combined with another of frequency / 2 , and put through a detector, there 
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will result the beat frequency/ 1-/2 and this itself mil be modulated with the 
frequency p. This follows from Eq. (48), p. 586, which shows that the 
amplitude of the beat frequency current is proportional to the product 
of the amplitudes of the two radio-frequency currents from which it was 
derived. Hence if the locally generated current, of fixed amplitude, is 
given by ei =Ei sin and the modulated incoming r.f. signal is given by 
€2 = ^2 (1 —A: sin pt) sin and these are applied to the grid of a detector, 
there will be in the output of the tube a current of the form 

e^EiEofl — k sin pt) sin {031 — 0 ) 2)1 .(25) 

There will be other frequencies as well as this one, but as the detector out¬ 
put is supplied to an amplifier tuned to the frequency (a)i-a> 2 ) the other 
frequencies are of no effect so far as the behavior of this type of receiver 
is concerned. 

The ordinary superheterodyne receiver uses two or three stages of i.f. 

amplification, broadly tuned by the use of 
coupled tuned circuits between successive 
tubes. The output of this i.f. amplifier 
goes to a detector, generally of the plate 
rectification type, and from there to a 
push-pull output stage. 

This type of receiver is stable, is ca¬ 
pable of high amplification, without 
objectionable frequency discrimination, 
and is highly selective. 

Image Setting of Local Oscillator.— 
Evidently if a signal of 1000 kc. is to be 
received and the i.f. amplifier is tuned 
for 100 kc. the local oscillator could be set for either 1100 kc. or 900 
kc.; the response would be exactly the same. However, if the tuning 
of the local oscillator is brought about by the same adjustment as is used 
for tuning the input circuit of the receiver, this double setting of the 
oscillator (for a given signal frequency) is done away with. The idea is 
illustrated in Fig. 61, condenser C tunes the input circuit of tube A for 
the incoming signal frequency, and condenser C\ determines the fre¬ 
quency generated by the local oscillator tube B. If the condenser Ci 
is controlled independently of C, then for every signal received by tube 
A there will be found two settings of Ci which work equally well. 
However, if Ci and C are on the same shaft this possibility is eliminated. 

Requirements for Common Condenser Control. —If ordinary con¬ 
densers are used for C and Ci it will be found that the difference in fre¬ 
quency for which their respective circuits are tuned varies widely with dif¬ 
ferent settings, if the two condensers are on the same shaft. The frequency 
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Fig. 61.—A beat frequency detector, 
with separate local oscillator. 
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for which a circuit is tuned varies inversely with the square root of the 
capacity value, and so is a peculiar type of curve, when plotted against 
condenser setting, if the capacity varies directly with the setting. This 
type of curve is shown in A, Fig. 62; the lowest frequency is given by the 
highest setting of the condenser, so the condenser scale given varies from 
100 divisions down to zero. 

Now if two circuits were equipped with such condensers, and these 
are adjusted at their full-scale settings to give to the two circuits a fre¬ 
quency difference of 100 kc., let us say, and then the two condensers are 
clamped together for common control, the difference in frequency would 
change from 100 kc., at maximum setting, to possibly 1000 kc. at the 
zero setting. This is shown by curves A and B of Fig. 62; they start 
100 kc. apart at the 100-division setting of the condensers, and show an 
increasing frequency difference as 
the circuits are tuned for the higher 
frequencies. 

However, if the straight-line 
frequency type of condenser is 
used (see p. 249), giving to the 
two circuits the tuning character¬ 
istics shown by curves C and Z), 
then if they are adjusted for 100-kc. 
difference at any point on the scale 
they will maintain this difference 
throughout their range. The induc¬ 
tances used in the two circuits must 
be the same, and one of the S.L.F, 
condensers must have a greater 
capacity than the other to obtain 
the curves C and D. 

By thus having the tuning condenser C, and the oscillator condenser 
Cl, of the proper type, and fastened to the same shaft (or arranged for 
common control by some other mechanical arrangement) the '‘two setting'' 
condition of the oscillator is done away with. 

Elimination of Image Signal. —Let us suppose that the signal being 
received is 1000 kc. and the oscillator is set for 1100 kc. (100 kc. i.f. ampli¬ 
fier assumed). If a signal of 1200 kc. is impressed on the receiver input 
it too will give a beat frequency of 100 kc. and so be passed through the 
i.f. amplifier. Of course, the tuned circuit L 1 -L 2 -C will be tuned for 1000 
kc., so the 1200-kc. signal will tend to be much cut down in strength; but 
it may be that the 1000-kc. signal is coming from a station 1000 miles away 
and so has a strength of a few microvolts per meter and the 1200-kc. signal 
(the interfering one) is from a local station and has a field strength of 


/ 



Fig. 62.—If two condensers, on the 
same shaft, are to maintain a con¬ 
stant difference in the tuning of their 
respective circuits they must be of the 
straight-line frequency type. 
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many millivolts per meter. In this case, the interfering signal will be 
much stronger than the desired one in spite of the selective action of 
circuit Li-Lo-Ci. 

Various schemes are possible for getting rid of such interfering signals, 
one of which is shown in Fig. 63. Between the grid and ground is put a 

circuit consisting of the S.L.F. condenser C 2 
and coil L 3 ; these elements are so propor¬ 
tioned that their circuit is continually tuned 
to a frequency 200 kc. above that for which 
the circuit Li-Lo-C is tuned. This will result 
in the grid being virtually short-circuited for 
the undesired signal. This extra circuit will 
of course decrease the strength of the desired 
signal somewhat, but not to a great extent. 
The three condensers C, Ci, and C 2 , are all 
mounted on the same shaft for common 
control. 

Disadvantage of Circuit Shown in Fig. 61. 

—The Li-Ij>-C circuit has a high-frequency 
current set up in it by the local oscillator and 
hence will feed high-frequency power into the antenna from which it will 
be radiated to interfere with other listeners in the vicinity, ^llie best 
scheme for eliminating this condition is to put a high-fre(]uency stage be¬ 
tween the antenna and circuit L 1 -L 2 -C, which stage uses a neutralized 
circuit or a screengrid tube, as shown in Fig. 64. 

The Intermediate Frequency 
Amplifier.—If the beat frequency 
has been selected ^s 180 kc., a 
commonly used value, the i.f. 
amplifier must be tuned for this 
frequency. Now the amplifier 
should transmit equally well a 
band of frequencies either side 
of 180 kc., equal in width to the 
highest audio frequency which 
it is desired to preserve, say 8 
kc. This amplifier should then 
transmit well all frequencies between 172 and 188 kc. This can be done 
to a certain degree by using the resonance phenomena of coupled tuned 
circuits, analyzed on pp. 133 to 150. The circuit used is shown in 
Fig. 65, and the curves given there show the characteristics of one 
circuit alone and the pair loosely coupled. Circuits L\-C\ and L 2 -C 2 
should be sharply resonant and should be coupled an amount somewhat 
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Fig. 64.—A “biifTer” sta^o should be used to 
keep the locally generated high-frequency 
current out of the antenna. 



Fig. 63.—A properly designed 
circuit, L 3 -C-i, with proper 
condenser will eliminate the 
image signal of the super¬ 
heterodyne receiver. 
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less than that given by the fraction (188—172)/180 = 8.9 per cent. For 
the case given here, the resonance peaks of the coupled n^sonance curve 
might well come at 175 kc. and 185 kc. so that a coupling of 10j(180 = 
5.5 per cent would be about right. 

The two coils L\ and are generally of the ‘‘ honeycomb ” type 



amplifior, havinf 2 : loosely coupled, tuned sui)erheterodyne receiver for high and 

eirniits, may be designed to give the low inductance primary, 

desired flat-top lesonance curve. 


shown on p. 231. I'ht'y, as well as the condtaisers C\ and Cl>, are suitably 
mounted in a copper can to prevent interstage coupling. The condensers 
are made adjustable to a certain extent so that the respective circuits can 


be tuned after the set is assembled. 

Performance of Superheterodyne 
Receiver. - Beers and ('arlson ' hav(' 
analyzed in detail the pcTfonnance of 
such a receiver and some of their 
results are given here. They first 
analyze the action of the one or two 
r.f. stages which pn'cede the first 
detector, where the r.f. signal com¬ 
bines witli local oscillations to give 
the intermediate freciuency. F^or the 
primary coil of the r.f. transformers 
they advocate using a coil of much 
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Fig. (i7.—Curves similar to those of I*dg. 
()(), fur a frequency at the upj)er end 
of the broadcast sj)ectruin. 


more inductance than had been customary, pointing out that by so doing 


the selectivity of the set at the two limits of the broadcast band is made 


more nearly the same. Ordinarily, the selectivity is very much poorer 


for the high frequencies. Figs. 66 and 67 bring out this comparison. 


I.R.E., March, 1929, p. 501. 
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The tuned secondary alone gives the selectivity shown by curve A of 
these two diagrams, curves C show the performance of the r.f. transformer 
for the ordinary low inductance primary, and curves B show the action 



Frequency in kc 


Fig. 68 .—Voltage amplification (R.F.) per 
stage of a typical superheterodyne re¬ 
ceiver, having .some R, V. amfdification 
ahead of the first detector. 
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Fig. 69. —Selectivity characteristics of (R), 
one circuit of the I.F. amplifier of Fig. 
165 and, (4), of the two circuits of Fig. 
165 with the jiroper degree of coupling. 


when a high inductance primary is used. It is seen that for the low induc¬ 
tance primary the resonance curve for 30 per cent of maximum response is 
36 kc. wide at 600 kc. and 200 kc. wide at 1400 kc., a variation of 6 to I; 
when the high inductance primary is used the corresponding variation is 
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Kilocycles 

Fig. 70.—Selectivity curve of 
the R.F. and I F. amplifier 
of a superheterodyne re¬ 
ceiver. 


only 3 to 1. The reasonably uniform ampli¬ 
fication obtainable over the broadcast range 
is shown by Fig. 68. 

One stage of the i.f. amplifier shows reson¬ 
ance characteristics as given in Fig. 69. On(‘ 
of the tuned circuits (Li Ci or L 2 -C 2 of Fig. 
65) shows the selectivity of curve Bj whereas 
the pair, properly coupled, show the selec¬ 
tivity given by curve A, The response is 
reasonably uniform over a frequency band 
about 12 kc. wide. 

In Fig. 70 is shown the over all response 
of the combined r.f. and i.f. amplifier stages; 
there were two stages of r.f., the detector, 
and two stages of i.f. in the set giving this 
selectivity curve. 

The second detector was supplied with 
the output of the i.f. amplifier; it was a type 


227 tube arranged for plate-circuit rectifica¬ 


tion (grid biased properly). Its audio-frequency output was nearly pro¬ 
portional to the input, from the i.f, amplifier, as shown by Fig. 71. This 


second detector gives enough output voltage to feed directly the output 
stage of the set, a pair of power tubes connected in a push-pull circuit. 
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In Fig. 72 are shown the relative selectivities of the set for frequencies 
at botfh extremes of the broadcast band, as well as one in the middle. 

Volume Control.—In the modern set the type \35 tube (variable /u) is 
used for both r.f. and i.f. amplifiers. The volume control is accomplished 



Fuj. 71.—Action of the second detector, 
JUS output of the I.F. jimplifier wjus in¬ 
creased. 



Kilocycles off resonance 

Fig. 72.—Selectivity of a superheterodyne 
jit both extremes of the broadcast spec¬ 
trum, with one intermediate frequency. 


by varying the grid bias of these tubes. It is possible to do this auto¬ 
matically, the strength of the signal itself properly regulating the biasing 
voltage. 

One scheme for accomplishing this is shown in Fig. 73; an auxiliary 


Dctcctcr 



t'lG. 73. ~~.'V volume control, having both auto- Fig. 74.—Action of the volume control 

matic and manually adjusted control. of Fig. 73; curve A shows the re¬ 

sponse of the set with no control. 


triode is used for controlling the bias voltage of all r.f. and i.f. tubes. The 
grid of this volume-control tube is controlled in two ways; with no signal 
coming in (detector grid not excited) the grid potential is fixed by the 
position of contact A, this being manually adjustable. The resistance 
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R\ permits the potential of the grid to vary, however, for [iny one posit ion 
of A. When the detector grid is excited by the signal, the grid of the 
control triode is also affected, through condenser C. The more this grid 
fluctuates (stronger signal) the greater is the average plate current of the 
control tube and lienee the greater the drop through resistance Jt. But 
this greater drop through R results in a greater bias on the grids of the 
amplifying tubes. 

Fig. 74 shows how this automatic control functions; as the r.f. voltage 
on the grid of the first r.f. tube increases from zero the output of the set 
increases, but when this output reaches a certain volume (determined by 


First 

Filter Buffer detector 



Fig. 75.—Completely ^Hhiekled filtered superheterodyne r(‘eeiv(*r for short waves; 
the first detector is also the oscillator, as it is not worth while to use a scparati! 
oscillator when receiv ing short waves. 


position of contact A) any increase in signal intemsity has but little effect 
on the loud-speaker response. Without automatic control th(‘ set becomes 
overloaded (at the detector) with only 150 microvolts on th(‘ first r.l. tubt*, 
whereas with the control in ofK'ration, signals with ten times this intensity 
do not give much more than normal output, which is g(‘n(‘rally taken as 
50 milliwatts. 

In Fig. 75 is shown a reasonably complete diagram of a superhetero¬ 
dyne receiver designed to operate on a short-wave radio telephone channel 
from ship to shore, and vice versa; it is from a paper by Wilson and Espen- 
schied.’ 


I3.S.T.J., July, 1930. 
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Detector plate 


Detect o r grid 


3rd R. P’. grid 1 


Power Levels in a Broadcast Receiver.—In Fig. 76 are shown the 
power levels in the various stages of a modern radio receiver using screen 
grid tubes for amplifiers, a ^27 type tube for detector, and a power tube 
(or pair of them in push-pull connection) for supplying power for the 
loud speaker. The output tube should be capable of delivering, without 
appreciable distortion, as much as 5 watts of power, although on the aver¬ 
age its output is measured in a few milliwatts. Unless the large reserve 

of power is available ______ 

a very disagreeable --—-—-— - 

type of distortion oTt^ruibe^^^d 

occurs during the , 

IqT- 

loud parts of the is —__ 

program; a peculiar ^^tTcSr^^e 

“ rattling ” noise ~ 

from the loud speaker ^ ^ - |- —r " -li 

is fre(}uently caused ^ T 

l)y tubes being ov(‘r- i.i ----- 

loaded. i x lo''*--- 

Distortion Pro- o is —^- - ^ - 

> —■— .4^ 3rd R. P . grid _ _— 

duced by Amplifiers. | j ^__ | | I _ 

-Hie curn'nt form ^ixio‘_^_ 

deliveriMl by an ____L___ 

amplifier to its loud 

speaker should re- 2 Tid r. f. grid —- 

si'inble the ampli- ^ ^ 

I J 5----- 

1 ude variation of the 

radio-fre(]uenc 3 ^ cur- -- 

rent supplied by th(‘ ^ ^ 

antenna, if it is to be ^ - 

faithful in its repro- 20 _ _ 

duction. In general 10 '-—---- 

such IS far from the Kilocycles 

actual condition, the —Xypip.ji yoltaj^e levels in a modern broadcast 

current deliverc’d to receiver, 

the loud speaker by 

many radio receivers is scarcely recognizable as the signal delivered 
to the input terminals of the amplifier. There are many causes for this 
distortion, only one or two of which have already been mentioned; they 
will all be summarized in this section. 


2Tid R. IF. grid 


1st R. F. grid_ 


1000 

Kilocycles 


Typical voltaj^e levels in a modern broadcast 


Radio-frequency Aviplifier Not Linear .—In Fig. 77 there is shown the 
manner in which a non-linear amplifier distorts a modulated r.f. signal; 
the voltage impressed on the grid is r.f. with sine wave modulation but the 
r.f. oiUpnii of the plate circuit is by no means modulated with a simple 
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sine wave. There are harmonics in the modulation, which will be car¬ 
ried through and sent out from the loud speaker. If the amplification 
is controlled by grid bias, the amount of r.f. signal (100 per cent mod¬ 
ulated) which can be impressed 
decreases, ordinarily, with increasing 
bias. In Fig. 78 are shown the 
behaviors of types '24 and '35 tubes; if 
the modulation is not to be increased 
(by addition of second harmonic 
principally) by more than 20 per cent 
the r.f. signal voltage on the grids 
must be limited to the values shown 
in Fig. 78. 

Tuning Too Sharp .—The correct 
reproduction of music as delivered 
over the radio broadcast channel 
today requires that the amplifier and 
its associated circuits shall transmit 
and amplify to an equal degree all 
frequencies within about 10 kc. of 
the carrier frequency, otherwise the 
high-frequency notes are lost. This 
requirement is satisfied by having all circuits broad enough in their 
resonance curves. It is practically impossible to construct a circuit 
with tuning so sharp that this 
condition is not fulfilled. 

However, when the circuit 
is connected to a triode the 
regenerative action of this 
device may sharpen the res¬ 
onance curve to an exceptional 
degree, thus transmitting the 
lower voice or music frequencies 
much more strongly than the 
upper. If there is regenera¬ 
tion in a receiving set it should 
be strictly limited in amount, 

Detector Overloaded .—If grid 
rectification is used in the 
detector (grid condenser and 
leak used) it is very easy to overload it, so that its audio-frequency 
output is no longer proportional to the modulated radio-frequency 
signal applied to its grid. 



1 


1000 


10 100 
Transconductance 10 "mhos 

Fig. 78. —Allowable sip;nal voltage on two 
types of tubes, for a given amount of modu¬ 
lation distortion. 



Fig. 77.—Due to the curvature of the 
Ip~Ey characteristic the average plate 
current of a R.F. amplifier increases 
as the grid excitation increases. 
This action is greater as grid bias is 
increased. 
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Certain tests on the type ’24 tube with various conditions as to screen 
grid volts, and resistance in the plate circuit (across which resistance the 
audio out put is obtained) showed 
results as given in Fig. 79. The 
response is not linear unless 
conditions an* properly chosen, 
but the amount of variation 
from linearity shown here would 
probably not give enough 
distortion to the output for the 
average listener to perceive. 

In P"ig. 80 are shown the 
relative responses of the type 
’24 tube and type ’27 for the two 
conditions stated. With grid rec¬ 
tification there is a very definite 
upper voltage limit, less than 4 
volts for the ’27 and less than 2 
volts for the ’24. If these limits 
are exceeded the response of the 
detector falls off very rapidly, 
and very bad distortion results. 

If plate rectification is used 
(as is now customary) with high 
grid bias, much larger signals 
can be impressed, and still have 
the audio output proportional to the radio frequency input. Curve 3 
of Fig. 80 shows this limit to be about 14 volts for a ’27 tube with con- 


Curve 1—Crid rectification, type '24 
/?„ = U)« Hj, = 90,000 E 40 Ep = 
300. 

Curve 2—Grid rectification type ’27. 

Eo = 106 Ep = 25,000 Ep = 300. 
Curve 3 is for the type ’27 triode using 
plate rectification. 

Er =- Rp = 200,000 Ep = 270. 
Sensitivity is A.F. volts across the resis¬ 
tance in the plate circuit per volt of R.F., 
100 % modulated, carrier impressed on 
grid. 

ditions as there given, whereas Fig. 71, p. 1041, shows it possible to get 
nearly linear response with as high as 30 volts on the detector grid. 




Fig. 79.—Action of ’24 tetrode as plate circuit 
detector, with various conditions of voltage 
and external resistance used in the plate. 
Plate voltage for all curves was 300. 

Curve A Esq =67 R = 45,000 

Curve B E,g =45 R = 90,000 

Curve C E.q =22 /? = 250,000 

Curve D E..q =45 /? = 110,000 
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Fu;. 81.—Action of 201.\ triodo as 
detector, usinj; plate rectification. 
Ordinates jsive amplitiule of the al¬ 
ternating component of plate cur¬ 
rent, of same frequency as the 
modulation of carrier volts on the 
^rid. Rectified current is practi¬ 
cally proportional to degree of 
modulation. 


Fig. 81 shows tho rosponso of a typo 201A triodo used as a grid bias 
detector, showing how the fundamental current, for vtirious degrees of 

modulation of the r.f. input, increases 
with tho amplitude of the r.f. carrier; 
Fig. 82 shows how the percentage 
distortion (mostly second harmonic) 
varies with input voltage, for 100 per 
cent modulated wave. 

Frequency Distortion . —When plat e 
rectification is used nearly all the audio 
fre(|uencies are acted upon alike, but 
when grid rectification is used the high 
fr(‘(iuencies are always rectified less 
efficiently than the lower ones. This 
action has been discussed in Chapter 
\T, pp. 554 and 562, and Fig. 119, p. 
564, was given to show this action. 
Another set of results is given here, in 
Fig. 83. Curves C, Z>, and K show 
the rectifying action for different values 
of grid condenser and leak resist anc(‘. 
There is also given curve A which shows the n^ctifying action of tlie 
same tube, a type ’27, when the plat (‘-circuit external r(‘sistanc(' is 
by-passed with a condens(‘r too 
large. 

The resistance used in th(‘ 
ext(‘rnal plate circuit (for curve 
A) was 250,000 ohms, and across 
this there was a' 150-)u/// con¬ 
denser. Now the reactance of 
the 150-jLip/ condenser at 10 kc. 
is only about 110,000 ohms, so 
it is evident that this condenser, 
small as it is, acted to materially 
cut down the plate-circuit imp(‘- 
danc^ and so diminish the drop 
acro.ss it. 

Effect of Grid Current .—In 
the aiidio-frec^uency portion of 
the ampliher the grids of the 
triodes should draw no current, 

in other words, the grids should never be allowed to swing appreciably 
positive. I’he distortion resulting therefrom is of a peculiar kind, and 



Fio. 82. -Comporuints of alternating current, 
in plate circuit sliowing highest per cent of 
distortion for the weak signals. 
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complex in its nature. Let us consider the ordinary case of a trans¬ 
former-repeating amplifier. 

As long as the grid stays negative, or swings only slightly positive it 
draws no current and so there is no internal impedance drop in the trans¬ 
former secondary winding. The grid current, however, increases with the 
square of the grid potential as this goes positive and so the grid does not 
have to swing very far in the positive direction before the current becomes 
s(‘veral microamperes, or even milliamperes, and this results in a dis¬ 
tortion which adds even harmonics to the fundamental frequency, as 
well as to the higher frequencies during the positive part of the funda¬ 
mental cycle. Furthermore, the upper frequencies are amplified less 
during the positive alternation of 
the fundamental than during the 
negative. '’Phese actions are well 
brought out in Figs. 84 to 88 of this 
chapter. 

In the modern push-pull am¬ 
plifiers for audio-frequency output 
(see p. 1006) the grids of the tubes 
do tak(‘ larg(^ currents, but the 
n'sultant distortion, so far as even 
harmonics are concerncal, ar(‘ elim¬ 
inated by the circuit action. One 
tub(‘ alone would generally give 
gr(‘at distortion, wherc'as th(‘ pair 
give very little; this is shown by 
Figs. 29 and 80 of this chapter. 

('fidnirterii^tics of TratisforNiers, 

This feature of tlu' amplifier 
has b(‘en thoroughly discussed in 
previous sections of this chapter and so needs no further analysis 
here. 

Overloaded Output Tube .—This is probably one of the most prevalent 
causes today of the almost universally poor quality of loud-speaker repro¬ 
duction. A triode having a full-load capacity (without distortion from 
overloading) of a few milliwatts is forced to deliver a hundred or more. 
It doi‘s this by being forced over the extremities of its plate current range 
but its response results in the peculiar well-known “ rattle '' of the 
av(Tag(‘ loud speaker. At tlie (md of Chapter VI will be found a tabula¬ 
tion of the various output tubes showing how much power can be reason¬ 
ably expected. 

Loud Speaker .—There is no loud speaker available which responds 
equally well to all frecpiencies; all of them have some resonance character- 



Modulation frequency 

Fkj. S3. —t'requcncy distortion of type 
’27 tube used as detector. Curve A 
—Plate rectification. Resistance in 
plate circuit was 250,000 ohms, shunted 
by a condenser of 150 fxnf. Other curves 
are for grid rectification. Curve B~ 
IL - 10« C, = 50 Curve = 

2 X lO'' C„~ 50 Atyu/. Curve D R.j = 10® 
Cy - 250 Curve E~U, = 2 X 10® 

r„ - 250 
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Oid voltage, second tube. 
Scale, 0.294 volt per mm., a.c., max. 



Grid current, second tube. 

Scale, 0.771 microamp., per mm., a.c., max. 



Plate current, second tube. 

Scale, 0.215 miiliainp., per mm., a.c., max. 



Egy=0A volt 
= volts. 
£?P 2 = 90 volts. 
.Be* = 0.0 volt. 


a.c., at 100 cycles. /p, = 24(X) microamp. 

/?ab = /?co = 0.5 megohm. 

8 = string galvanometer. 
Transformer turn ratio = 5. 


Ftq. 84. —Showing distortion due to grid current flowing in the secondary of the trans¬ 
former. Curves obtained by the string galvanometer. A pure sine wave was 
used for Eg\. 
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istics which accentuate certain notes and repress others. In general the 
moving coil, or dynamic,” speaker seems to give a more faithful response 
than any of those using horns, or those of the double paper cone type, no 
matter how scientifically these may have be(m designed. 

Oscillograms of Amplifier Performance. —The currents present in the 
amplifier circuits arc so small that the Dutldell oscillograph will not 
give any response; an Einthoven string galvanometer is the only con¬ 
venient method of actually getting photographs of these minute currents. 
The author,.with the help of Dr. A. Turner, succeeded in getting some 
interesting pictures of distortion, a few of which are given here. 

The string galvanometer used had a sensitivity of about 1 micro¬ 
ampere per millimeter deflection, and was shunted for measuring the 



Impressed voltage. 

F,;—0.35 volt effective of 00 cycles. 
— 0.‘20 volt effective* of 300 cycles. 


I-'k;. S5. \ synthesized complex wave to l)e used as the “signal” voltage in the fol¬ 

lowing oscillograms. The* fifth harmonic was actually about 00 p(‘r cent of the. 
fundamental but does not ai)pear so in the wave form because the oscillograph did 
not res[)ond .as readily for ,3(X) cycles as for tU) cycles. 


larg(‘r currents. Like all instruments of this class it responded better for 
the lower fr('(|uencies, as indicated in the films. 

The absence of grid bitis was first investigated, the signal being a pure 
sine wave of 60 cycles. In Fig. 84 are shown the various currents, and 
it is at once evident that (‘ven though a pure sine wave was impressed on 
the grid of the first tube, the s(*condary terminal voltage, impressed on the 
grid of the second tube, is by no means a pure sine wave. A second 
harmonic has been introduced by the effect of the grid current on sec¬ 
ondary terminal voltage, and of course, this distortion carries through 
to the plate current. 

A complex wave was built up, consisting of a 60-cycle wave with a 
fifth harmonic superposed and this complex wave, shown in Fig. 85, 
represents the signal. The actual signal had a greater percentage of fifth 
harmonic than shown by the oscillogram, as indicated by the calibration 
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(xrid V(dt:igo, spooiul tul>o. 

Sc:ilo, O.'JSf) volt per inm., nuix., :it ()0 cyclos. 
O.-SP") volt })or inm., max., at oOl) cvch's. 




(Irid (*uiT(Mit, s(‘conU 

Scale, 1.2S2 inicroan)|)s. per mm., in.MX., at t)0 cycles, 
4.020 microamps, per mm., max., at .‘>00 cycle>. 




' ' * ■ ■ r- “y 



Plate current, second tul)e. 

Seale, 0.24S milliamp. per imn., max., at r>0 c\'cles. 
y.74.a milliamp. i>er mm., max., at dOO cycles. 



J^f,=0.35 volt at 00 cyele.sp0.20 volt .at dOO cycles. 
A’i =45 volts, 

£;> = 90 volts. 

— 9.0 volt. 'rransforrner 


/ 2 = 2400 microamps. 
fi.\ir- /i*r7>=0.5 mejz:ohm. 

S - string; |j;aIvanometer, 
turn ratio-^5. 


Fio. 80.—The complex wave of Fi^^. 85 used as signal in a transformer ret)cating ampli¬ 
fier, with no grid bias. The plate current (output of the amplifier) is far from tin* 
form of Fig. 85. 
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data given in Fig. 85. This calibration error of the galvanometer is, how¬ 
ever, constant, so that it has little bearing on the interpretation of the oscil¬ 
lograms. 

F'ig. 86 shows the distortion introduced in a transformer-repeating 
amplifier wh(ai no grid bias is used. 1Tie grid of the second tube swings 
positive, draws current, and hence lowers very much the potential 
of the grid, compared to what it should be. The effect of this IZ drop 
in the ti’ansforrner secondary is more marked at the more positiv(i poten¬ 
tials of the grid and so we have the peculiar grid voltage shown in the upper 
oscillogram of Fig. 86. The second shows the grid taking a p( 3 culiar 
shaped curnait, this current being the cause of the distortion. Of course, 
the plate current follows th(‘ grid distortion and so we have the voltage 
of Fig. 85 giving the f)]ate current of Fig. 86, i)y no means similar to the 
voltage of F'ig. 85. There is another distortion due to the transformer 
which is better bn)Ught out in later figures. 

Figs. 87 and 88 show the effects of using different valu(\s of grid bias, 
that of F'ig. 87 being not quite enough to bring the grid current to zero. 
In Fig. 88 tluae is no grid current but there become' evident two other 
kinds of distortion. By conqiaring the top oscillogram with the signal 
voltage* we se'e that the fifth harmemic has be'en amplifieel more than the 
funelameaital, accentuating the ripples. This ceirroborate'S the curve's 
of Fig. 24, j). 998. 

In the plate current of Fig. 88 there appears still another type e)f 
elistortiem. 44ie curvature of the l\rl,> curve results in a greateu' ampli- 
ficatie)n e)f the fifth harmeinic eluring the peisitive alternatieai of the 60- 
cycle ve)ltage* than eluring (he ne'gative* alte'rnation. Furthermore, if the 
60-cvcle curreait l)c abstracte'el freaii the ceanpk'x curve of /;, it will be 
found that a se'coiul harmonic has benai introeluced by the femn of the 
K,, /;, curve*. 

In F4gs. 89 and 90 are sheiwn the performance of a resistance-coupleal 
amjilifier. Fig. 89 witli no grid bias, draws griel current and so depresses 
the* grid potential of the secemd tube by an amenmt depending upmi the 
signal strength. This will result in an intensity distortion of the signal, 
the Ie)uder parts neit being amplified by the same factor as the weaker 
ones. F4g. 90 shows that a grid bias of 6 volts reduces the grid current 
to zero and so will eliminate the distortion just mentioned. 

Both F4gs. 89 and 90, compared with the signal voltage of FYg. 85, 
show how much more faithful is resistance amplification than transformer 
amplification. 

Stability of Amplifiers—“ Squealing.” —A high gain amplifier, espe¬ 
cially if of the inductance or transformer-repeating type, may produce 
in the telephone receivers audio-frequency sustained notes which are 
entirely independent of the incoming signals; this action is known as 
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Grid voltage, second tube. 

Scale, 0.2S5 volt per inin., max., at 60 cycle.'^. 
O.-SOo volt per inin., max., at 300 cycles. 



Grid current, second tube. 

Scale, 1.2S2 microamps, per mm., max., at 60 cycjes. 
4.020 microamps, per mm., max., at 300 cycle.'^. 



Plate current, .se‘cond tube. 

Scale, 0.2!1S milliamp., per mm., max., at 60 eyeries. 
0.745 milliamp., i)er mm., max., at 300 cycles. 



Ef^ = 0.35 volt at 60 cycles and 0.20 volt at 300 cycles. /i==24(K) rnicroamps. 

E\ = 45 volts., ^An = Rcd - 0.5 megohm. 

E2 = 115 volts. aS = .string galvanometer 

Eci = 2.95 volts. Transformer turn ratio = 5. 

F'ig. 87.—a grid bhis used in the circuit of Fig. 86, decreased the grid current and 
SKjmewhat improved the form of the output current. 
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Grid voltage, second tube. 

Scale, 0.285 volt per inm., max., at 60 cycles. 
0.895 volt per mm., max., at 3(K) cycles. 



Grid current, second tube. 

Scale, 1.282 microarnps. per mm., max., at 60 cycles. 
1.020 microarnp.s. per mm., max., at 300 cycles. 



Plate current, .second tube. 

Scale, 0.238 iiiilliamp. per mm., max., at 60 cycles. 
0.745 inilliami). j)er mm., max., at 3(X) cycles. 



jK (7 = 0.35 volt at ()0 cycles and 0.20 volt at 300 cycles. 

E\ = 45 volts. 

El —125 volts. 

AVj = 4.4 volts. d ransformer turn 


/a = 2400 microamps. 

= 0.5 megohm. 

N = St ring galvanometer, 
ratio = 5. 


Fig. 88.- By still further incretising the bias of the grid (over that of Fig. 87) the grid 
current of the amplifier tube is reduced to zero. There is still some distortion left 
due to the form of (he Ip-Eg curve of the triode, and the characteristics of the 
ref)cating transformer. This repeated 300 cycles better than it did 60 cycles. 
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Grid voltage, second tube. 

Seale, 0.2,”)!? volt i)or inm., max., at (iO cycles. 
O.TOo volt per mm., max., at 300 ey(“les. 



Grid eurreut, second lube. , 

Seale, 0..”)7 luicroamp. per mm., max., at 00 cycU'.'. 
1.79 microamps, per mm., max., at 300 (*y(*le^. 



Plate current. .s(‘eond tube. 

Scale, 0.‘23.S milliamp. ])er mm., max., at 00 cycles. 
p.74o milliamp. per mm., max., at 300 (‘V(*les. 



Eg =0.35 volt at 60 cycles, and 0.20 volt at 300 cycles. 
/^i =45 volts. 

^2 = 90 volts. 

Er=0.i) volts. 

= 1700 microamps. 


H 00,(KX) ohms. 
r = 1 megohm. 

C = I microfarad. 

/{rD’=^ megohm. 

*S’ = string galvanometer. 


Fio S9.- Action of a resistance-coupled amplifier with no grid bias. The arrangement 

draws some grid current. 
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Grid voltage, second tube. 

Scale, 0.2.53 volt per mm., max., at 60 cycles. 
0.795 volt per mm., max., at 300 cycles. 



Grid current, second tube. 

Scale, 0.57 inicroainp., per mm., max., at 60 cycle.s. 
1.79 microainps., per mm., max., at 300 cycles. 



Plate current, second tube. 

Scale, 0.23S milliamp. ])er mm., max., at 60 cycles. 
0.745 milliamp. per mm., max., at 300 cycles. 



Eg—-0.S5 volt at 60 cycles, and 0.20 volt at 300 cycles. 
El =45 volts. 

E 2 = 135 volts. 

Er ^Q.O volts. 

1 2 = 1700 microamps. 


/<* = 60,000 ohms, 
r = 1 megohm. 

(^ = 1 microfarad. 

HrD = ^ megohm. 

N = string galvanometer. 


Fig. 90. —The action of the circuit of Fig. 89 is improved by the addition of a grid bias. 
This plate current (output of amplifier) is quite similar to the “signal” voltage 
(Fig. 85). 
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Fig. 91. —Circuit detail of a transformer-repeat-' 
ing amplifier; it may well be that, due to 
internal capacities of the coils (giving the cir¬ 
cuit a natural period) and the coupling be¬ 
tween plate and grid circuit inside the tube, 
self-sustained oscillations are set up in the cir¬ 
cuit. 


squealing/^ and is extremely objectionable and sometimes difficult to 
overcome. The squealing of an amplifier is generally due to the fact 
that the circuits of the various tubes are capable of oscillating, and 
may oscillate if the conditions are favorable; this applies to both high- 
frequency and low-frequency amplifiers. Thus assume, for the sake of 

clearness, that a single tube 
is connected by itself as it 
would be connected were it 
used in a low-frequency trans¬ 
former-repeating amplifier and 
let Fig. 91 represent it. The 
coils of the repeating trans¬ 
formers Ti and T2 have a 
large amount of distributed 
capacity, and hence the circuit 
may be roughly represented 
by its equivalent of Fig. 92 . 
It will be noted that Li-Ci 
is an oscillating circuit and 
the grid is connected across 
it; furthermore the circuit 
L2-C2 may have a high impedance to currents of the natural frequency 
of the circuit L\-Ci, Any oscillations started in Li-Ci will produce 
a change in grid potential which will produce a change in plate current; 
the latter will* cause a variation of plate potential to take place, in view 
of the impedance of L2-C2 being connected in scries with the plate 
battery, and finaUy the variation of 
plate potential may, through the 
capacity of plate to filament and grid 
to filament, react back upon the grid, 
and may impress a higher voltage 
across the circuit Li-Ci than at first 
existed. Such a condition would, of 
course, be favorable to the mainte¬ 
nance of currents of the natural fre¬ 
quency of Li-Ci. 

The tube may also oscillate at the 
natural frequency of L2-C2] whether 
it oscillates at the frequency of Li-Ci or L2-C2 depends entirely upon 
which of these frequencies gives correct phases of e.m.f.s and the smaller 
losses in the entire circuit. If the frequency at which the tube oscillates 
is audible, the currents produced thereby will be heard in the telephones 
connected in the plate circuit of the last tube of the amplifier, and will thus 



Fig. 92.—The transformer coils of Fig. 
91, with their internal capacities give 
a circuit as shown here. 
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produce squealing. If the frequency is inaudible the telephone will give 
no indication of the presence of such currents, but they will nevertheless 
seriously interfere with the amplifying action of the tubes. 

In the case of a high-frequency transformer-repeating amplifier the 
tube circuits may also oscillate, but they will do so at radio frequencies 
and will not be heard, but the efficiency of the amplifier as a whole will be 
reduced to practically zero by the presence of these interfering currents. 
On the other hand inductance-repeating high-frequency amplifiers, oscil¬ 
lating at radio frequency, sometimes product an audible tone in the 
telephone due to the fact that the grid condensers may, as a result of the 
oscillations, become so highly negative as to cause the plate current to 
become zero and thus stop the oscillations; after a time the electrons 
collected on the grid will leak off and the plate current will start flowing; 
but the oscillations will then again start in and again make the plate cur¬ 
rent zero, etc. This starting and stopping of the oscillations, with conse¬ 
quent pulsations in plate current, may take place at audio-frequency, in 
which case the amplifier will squeal.This phenomenon is similar to 
the one fully discussed on p. 644 in connection with oscillating receiving 
tubes equipped with grid condensers. 

In the discussion given above we have, for the sake of simplicity, 
considered the action taking place in each individual tube, which may 
be caused to oscillate due to the varying currents in the plate circuit of 
that one tube reacting back upon the oscillating circuit to which the grid 
and filament of the same tube are connected. Of course each tube may 
be caused to oscillate in the same manner at the same or a slightly different 
frequency from every other. What does happen, however, is that all 
tubes are subjected to one single frequency and the value of this frequency 
is the one at which it is easiest for the entire amplifier to oscillate, 
that is, the one frequency at which the losses in the whole amplifier (for 
a given strength of oscillation) are a minimum; of course if these losses 
are greater than can be supplied by the plate battery through the reactions 
of each plate upon each grid circuit the amplifier will fail to oscillate at 
that frequency or at any other frequency for which this condition prevails. 

It may happen, however, that the output circuit of the amplifier is 
coupled, either magnetically or electrostatically, or both, to the input 
circuit, in which case the amplifier may oscillate, even if it would not 
otherwise do so. Thus, consider the three-stage transformer-repeating 
amplifier of Fig. 6, and assume that oscillatory currents start in the 
secondary of transformer T; these currents will be repeated and amplified 
from tube to tube; if now the plate circuit of the last tube is so related to 
the grid circuit of the first that the varying currents in the former can 
produce varying voltages in the latter, which are sufficiently large and in 
the right phase to increase and sustain the currents started in the secon- 
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dary of transformer T, then the amplifier will oscillate. It will be easily 
understood that if there is coupling between the output and input circuit 
it is not a necessary condition, in order for the amplifier to oscillate, that 
the oscillations shall start in the grid circuit of the first tube, for, they may 
start in the grid circuit or even the plate circuit of any one of the tubes, 
including the last, and, in every case, the amplifying action of the appara¬ 
tus may make it likely that oscillations will be sustained, even if the 
coupling betw^een the output and input circuits is feeble. 

Again, while in the preceding paragraphs we have assumed that the 
plate circuit of the last tube is coupled to the grid circuit of the first tube 
the amplifier may oscillate even if the plate circuit of an intermediate 
tube is coupled to the grid circuit of the first tube or, in general, it may 
oscillate if the plate circuit of any one tube is coupled to the grid circuit 
of any of the preceding tubes. For, as long as any currents started in 
the oscillatory circuit of any one tube are sustained by the reactions of 
the other tubes the amplifier as a whole may oscillate. 

Remedies for Amplifier Squealing.—It must be stated at the outset 
that the more an amplifier amplifies the more likely it is to squeal; in 
other words, a silent amplifier is not necessarily better than one which 
shows tendency to self-oscillation; in fact, if a series of tubes connected 
in cascade show no tendency to squeal it is likely that the combination 
is so adjusted that the overall amplification is much lower than it should 
be. Even when all precautions against squealing have been taken it 
may be found upon testing the amplifier that it squeals most objection¬ 
ably. In general the following points should be observed: 

(а) An amplifier without any oscillatory circuits is not very likely to 
squeal. A resistance-repeating amplifier may be constructed practically 
without any oscillatory circuits, although it must be understood that 
even a short pair-of wires form an oscillatory circuit, with a very high 
natural frequency to be sure, but nevertheless an oscillatory circuit. 
Hence even a resistance amplifier may oscillate at very high frequency 
and yet be “ heard if the grid condensers intermittently “ block the 
plate current. Resistance-repeating amplifiers (with an overall voltage 
amplification of about 25,000) have been constructed which do not squeal. 

(б) Under no circumstances should the output and input circuits of 
an amplifier be coupled together even in the feeblest manner. It is best 
to use for both of these circuits short twisted leads and the output and 
input circuits should be kept as far apart as possible. The twisted leads 
should be “shielded by enclosing them in a grounded flexible metallic 
casing. As a matter of fact it is advisable that all plate-circuit leads be 
kept from being coupled to grid-circuit leads of previous tubes; hence 
the leads inside of the amplifier box should be run with this very important 
point in view. 
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(c) Each tube and its holder may be placed in a shielded chamber, 
the surfaces of which are covered with copper connected to ground; this 
prevents any electrostatic or magnetic field from one tube from appre¬ 
ciably affecting the adjacent tubes or, in other words, it prevents coupling 
between adjacent tubes, since the energy contained in any varying fields 
produced by one tube is absorbed by the currents created in the surround¬ 
ing copper. This precaution should always be taken in the case of high- 
frequency amplifiers especially. 

(d) The balancing condensers of neutralized amplifiers should be care¬ 
fully adjusted, with the tubes that are going to be used, in their proper 
sockets and normally operating. 

(e) In special cases separate plate batteries and filament batteries 
should be used for each tube, for in this manner a means of coupling 
between the tubes is done away with. However, separate batteries 
for all tubes add so much to the weight, size, and cost of an amplifier as 
to make the arrangement impossible for any but special laboratory work. 
In any case both of these batteries should be of as low a resistance as 
feasible and a large condenser placed across each of them to constitute a 
low impedance path for high-frequency currents. 

(/) All leads should be rigidly held in their proper places and all con¬ 
nections be well soldered. 

{g) The repeating transformers, both radio and audio, should have their 
winding connected in proper polarity. An amplifier may generate violent 
oscillations with a certain connection and be quiet when the terminals of 
the secondary (or possibly primary) winding are interchanged. That is, 
with transformer secondary terminal No. 1 connected to grid, and No. 2 
connected to the biasing battery, oscillations occur; by connecting ter¬ 
minal No. 2 to the grid and No. 1 to the biasing battery the oscillations 
are eliminated. 

These effects are caused by capacitive couplings between the trans¬ 
former windings. 

(h) Wherever they may be put in without interfering with the ampli¬ 
fying action of the set, by-pass condensers of perhaps 0.1 to 1 microfarad 
should connect critical points of the circuit to ground. 

Even when all these precautions have been taken it may be that an 
amplifier known to be correctly built, and of previous good behavior 
gives loud ‘‘ sputtering noises in the telephones, even when the input 
circuit is short-circuited. This may be due to a “ bad ’’ tube somewhere 
in the amplifier (to be discussed in the next section) or it may be due to 
either the A or B batteries if such are used. A storage battery is frequently 
used for filament heating, so it is evident that this battery has a low 
resistance, but it will be found that if a good amplifier (high amplifica¬ 
tion) is used with an A battery nearly discharged (say lower than 1.8 



1060 


AMPLIFIERS 


[Chap. X 


volts for a lead cell) all sorts of odd noises may be heard in the amplifier, 
whereas if a normally charged A battery is substituted the amplifier 
is quiet. 

The same remark holds true regarding the B battery to an even greater 
degree; the small dry cells generally used for the plate battery develop 
a very high variable resistance towards the end of their life, and if there is 
one such worn-out cell in the battery it will result in very bad noises 
in the amplifier. A test of the cells with a low-resistance voltmeter will 
at once show up the defective cell. 

Howling Due to Sound Wave Coupling.—There is another interesting 
condition which may result in an amplifier singing at audible frequency, 
especially likely to occur when the loud speaker is built into the same case 
as the audio-frequency amplifier. The sound wave from the loud speaker 
may be able to vibrate the elements of one of the triodes (generally the 
detector or first audio-amplifying tube) sufficiently to sustain the oscilla¬ 
tions. This is quite analogous to the familiar squealing telephone 
receiver; if the receiver is taken from its hook and the diaphragm is 
held quite close to the transmitter it will sing with a characteristic audible 
note. 

In general, this singing trouble can be eliminated by any expedient 
which makes it more difficult for sound waves to get from the loud speaker 
to the vibrating triode. Thus spring suspension of the triode sockets, and 
mounting the horn on soft felt so that the sound waves have to travel 
through the felt before getting to the panel on which the tubes are mounted 
will generally remedy the trouble. Very infrequently, if the amplifica¬ 
tion is high the sound waves traveling from the loud speaker through air 
will shake the tube sufficiently to maintain the singing condition. In 
this case it is advisable to change the detector tube, or first audio-amplifier 
tube, for another. IThe elements of the triode are probably mounted in 
an insecure fashion, making it easy for them to vibrate. If changing tubes 
does not remedy the trouble the loud si3eaker must be mounted farther 
away from the amplifier to decrease the intensity of the sound waves strik¬ 
ing the vibrating triode. 

Tube Noises.—Another feature which causes considerable difficulty in 
the operation of an amplifier is the noise produced by the tubes. 
The reader will realize that any slight change in the currents flowing in 
the plate or filament circuit of an amplifier tube, especially if it be one 
of the first tubes, may be so amplified as to finally produce a very large 
change in the plate current of the last tube, and hence a loud click in the 
phones. Sometimes these clicks are frequent and almost deafening as 
compared with the signals, hence very objectionable. As a matter of 
fact these noises form one of the limitations of amplifiers in so far as the 
number of stages is concerned, since it is almost impossible to prevent 
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minute changes of currents in the first tubes, which, if repeated and 
amplified through a large number of stages, may finally swamp the 
legitimate signals.^ 

These minute changes of current in the tube circuits may take place 
due to several causes, the most common of which are: 

(1) Sudden slight changes in the electromotive forces of the vari¬ 

ous batteries (discussed in previous section). 

(2) Mechanical vibration of the elements of the tubes. 

(3) A slight amount of gas causing ionization, or, what is more 

difficult to overcome, actual irregularities in the rate of emis¬ 
sion of electrons from the filaments. This is probably due 
to surface impurities of the hot filament. 

(4) Voltage due to thermal agitation of electricity. 

It is evident that mechanical vibrations of the tube elements will 
vary the distance between the grid and filament and, of course, the plate 
current will change accordingly; the same is true of any changes in the 
distance between plate and filament and plate and grid. Hence the 
elements should bo firmly supported. Of course, no matter how firmly 
supported, they may always be made to vibrate, though imperceptibly, 
and yet enough to be detected by the amplifier; hence the care must 
be exercised in supporting the elements. The importance of this point 
was not at first fully realized, and tubes were used for aeroplane work 
the elements of which were not sufficiently well supported, with the result 
that an amplifier consisting of these tubes became practically useless. 
The matter of supporting the tubes themselves is extremely important 
in this connection and should be given the greatest attention. Amplifier 
tubes are generally supported on thick pieces of soft spongy rubber or 
else on light springs; the point to strive after is to obtain a support such 
that if the tube as a whole is caused to vibrate it will do so at a very low, 
inaudible, frequency, and, furthermore, it will not be able to communicate 
the vibrations to the elements of the tubes, the natural frequency of which 
is very high in view of the rigid suspension of the elements. 

It will be realized that the behavior of the first tube of a multi-stage 
amplifier must be extremely regular if it is to produce inappreciable noises 
in the telephones at the output end. Assuming an amplifier which multi¬ 
plies the input voltage by 10^ having a resistance (or reactance) in the 
first plate circuit of 50,000 ohms and assuming that a voltage of 0.02 on 
the grid of the last tube will give an audible signal in the telephones, it 
may be seen that a change in current in the plate circuit of the first tube 

‘ Hull states the upper limit of amplification is about 2X10® in voltage; the actual 
irregularities in electron emission make greater amplification useless. 
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of only 10"*^® ampere will produce an audible noise. This might be a 
variation in the plate current of the first tube of only one part in ten 
million! But if we try to conceive of the surface conditions of the hot 
metal from which the electrons are being boiled out, it seems impossible 
that the emission of electrons should be steady enough to eliminate such 
a slight irregularity. In fact it seems that with present tubes a much 
larger variation of the plate current is continually occurring. 

Amplifier noise due to irregular effects in the tubes themselves has been 
well analyzed by Llewellyn.* After noting that rundown batteries, poor 
connections, microphonic aciion of contacts, and vibration, all give noise 
the remedy for which is apparent, he classifies the remaining noises as due 
to shot effect, thermal agitation, and ionization effects. 

Shot Effect .—This effect (discovered by Schottky) is due to the irregu¬ 
lar rate of electron emission from the filament; just as steam comes from 
a tea kettle in puffs, due to bursting bubbles risjng from the bottom, etc., 
so the electrons break through the filament surface at irregular rates and 

so produce an irregularity in the plate current 
of the first tube (as well as the others) which, 
being amplified by all the succeeding tubes, 
gives a loud noise in the output. This noise 
sounds like that of static, corning from a 
disturbance a long way off (“long range static^' 
as it is sometimes called) giving a continual hiss. 

Llewellyn shows that when the filament is 
heated to such an extent that space charge 
limits the plate current, instead of emission, 
the noise of the shot effect is practically zero; 
the noise varies with temperature of filament 
about as shown in Fig. 93. The pure tungsten filament, giving more 
complete saturation than the oxide-coated on(‘, has less noise at high 
temperature than the other. 

Thermal Noise .—This effect ^ is due to the heterogeneous motion of 
ions and electrons in a conductor due to their temperature energy. It 
gives a voltage of haphazard frequency distribution, indicated by the 
relation 

y2 = A:7’j[ Rdo, .(26) 

The square of the voltage varies directly with the resistance of the conductor 
Rj and with the absolute temperature T, and of course with the width of 
the frequency band through which the effect is integrated. The value 

^ I.R.E., Feb., 1930, p. 243. 

* Johnson, Phys. Rev., Vol. 32, 1928, p. 110; and Fry, same volume, p. 97. 



Fig. 93.—Noise due to shot 
effect varies with filament 
power. 
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integrated through the audible spectrum at room temperature, is given by 
the relation 

y^ = 0.8X10-i6/e.(27) 

Thus if a grid leak of 1 megohm is used between grid and cathode V is 
approximately 9 microvolts. If the amplifier is made somewhat selective, 
so that only part of the audible spectrum is amplified the effective thermal 
voltage will be correspondingly less. 

The internal plate circuit of a tube is a resistance of reasonably high 
value, and there will be a thermal agitation voltage generated in this part 
of the amplifier. It appears that the proper temperature to designate for 
this resistance is that of the cathode; unless the grid is practically short- 
circuited, the plate circuit of a triode gives negligible thermal noise, because 
of the extra stage of amplification to which the grid noise is subjected. 

Llewellyn tested for thermal noise by using a high gain amplifier 
employing screen-grid tube's, having a band 
width of 4 kc.; its over-all voltage gain 
was 10®. Ne^cessarily it was carefully 
shielded, and all tests using it were carried 
out in a shielded room. 

Arranging the various tubes he used so 
that the grid circuit of each produced 
imperceptible noise, he found the relation 
between filament power and thermal noise, 
for tungsten filaments and oxide-coated 
filaments. Two of these curves are shown 
in Fig. 91. In the region between Ti 
and T? the shot effect gives most of the noise and the oxide-coated 
filament gives the greater noise; above T 2 the space charge limitation 
of plate current eliminated the shot effect and the residual noise is due- 
to thermal agitation voltage of the plate circuit. The tungsten fila¬ 
ment, being at much higher temperature than the oxide-coated one, nat¬ 
urally gave the higher noise level. 

Noise Due to Ionization .—Even with the best evacuation possible, 
there is much gas left in a vacuum tube, and the electrons on their way 
from the cathode to the plate will ionize some of these molecules. Every 
disturbance of this sort, affecting the distribution and action of the space 
charge between cathode and plate, will result in fluctuation of the plate 
current which produces noise. 

Some of the positively charged ions will strike the grid, if this is held 
negative, and so affect the action of this electrode. Llewellyn found that 
those triodcs which operate with a grid most highly negative, give the 
most noise. 



Fig. 94.—Noise due to thermal 
agitation varies with filament 
power. 
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In Fig. 95 is shown the plot of noise vs. change in plate current as 
filament current is changed. Each point of the curve represents the 

potential and filament conditions recom¬ 
mended by the manufacturer; evidently 
when Ip changes much with //, the space 
charge is not completely limiting the plate 
current, so that irregularities in filament 
emission may give noise. Evidently some 
of the tubes have too low a value of rec¬ 
ommended filament current. However, as 
long as these tubes are used in an amplifier 
which has reasonably low gain in the a.f. 
end, the effect of this noise will probably 
be hidden under the static noise which 
comes in by way of the antenna. 

We may therefore conclude that if the input circuit of an amplifier 



Fig. 95. —Variation of noise with 
filament power; it should nor¬ 
mally be independent of this 
variable. 



Fig. 96.—A compact transformer-repeating audio-frequency amplifier; the tubes are in 
spring suspensions, each in its separate metallic compartment. It has a voltage 
amplification of about 3000. 


is not subject to interfering signals of too great an intensity, an amplifier 
may usefully be employed with a voltage amplification of between 
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and 10'*, if quiet tubes are used in the first stages; with present tubes 
more than this (or as much as this in most cases) is not worth while; 
the signal may be made louder by using perhaps one or two more 
tubes, but in general it is no more readable. 

Arrangement of Apparatus in Amplifiers.^In Fig. 96 is shown a three- 
stage audio-frequency amplifier using transformer repeating. The tubes 
used have /x = 7 and the transformer ratio is about 3.5; in series with 
the negative lead from each filament is a small piece of resistance wire, 
so that the grids are held at a negative potential, with respect to each 
filament. The filaments are in parallel, the currents being controlled by 



Fig. 97.—External appearance of a very wellKlesigned amplifier for a frequency of 
50,000 cycles; the inf)ut circuit can be connected to various stages by means of the 
plug and flexible cord. The total amplification of this instrument is about 50,000 
but it can seldom be used efficiently with an amplification greater than about 
5000 because of tube noises. 

a common rheostat; the battery used in the plate circuit (the same battery 
serves all tubes) should be about 90 volts. An over-all voltage amplifica¬ 
tion of about 3000 is obtained but there is generally an audible tube 
noise present, making it useless for reading very weak signals. 

In Figs. 97 and 98 is shown a very carefully designed amphfier having 
its best performance for a signal of 6000 meters wave length. Inductance 
repeating is used, the coils being toroids with iron-dust cores; they have 
a reactance of about 50,000 ohms. The tubes used have /z equal to 35 
and use a plate potential of 130 volts. The total voltage amplification 
possible, without squealing, is about 50,000, but its useful amplification 
for very weak signals, is only about 5000. 

This question of useful amplification is seldom mentioned in texts, 
but is really very important. It may be that two amplifiers are com- 







1066 


AMPLIFIERS 


[Chap. X 


pared in the laboratory and it is found that one gives a voltage ampli¬ 
fication ten times as much as the other. It may be that this comparative 
figure checks when different tests are made so that there is no doubt 
regarding its accuracy. It might be then assumed that if a signal giving 
a certain current in the antenna is just readable with amplifier A (the 
poorer one) that when amplifier B is used the signal would be readable 
if the antenna current were decreased to one-tenth its former value. It 
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Fig. 98.—Arrangement of the apparatus of the 


will probably be found, however, that when amplifier B is used an antenna 
current about one-half that used with amplifier A is the least audible 
signal, instead of one-tenth, as is naturally assumed. The reason for this 
is the background ” of noise (from tubes and other sources) present 
to a greater extent with B than with A, And the presence of the noisy 
background requires a much stronger signal in the phones when using 
ampUfier B than is required when A is used. 
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independent of ground condition, 945 
“loading,” 939 

methods of producing currents in, 887 
natural wave length of, 929, 936 
effect of ground on, 930 
rs. extreme length, 938 
operated at less than natural wave length, 
944 

pulse excitation of an, 973 
radiation, law of, 905 
losses, 922 
reactance, 935 

variation of, with frequency, 936 
received current in, for antenna-to-antenna 
transmission, 918 


Antenna, received current in, for antenna-to- 
coil transmission, 918 
for coil-to-antenna transmission, 918 
for coil-to-coil transmission, 918 
receiving, current in, 914 
resistance, 208, 921 
components of, 922 
curve, for aeroplanes, 927 
for a ship, 926 

setting up steady state in, 969 
“wave,” 904 

wire, received current in, 914 
Antennas, comparative merits of different 
types of, 920 
effective height of, 891 
for aeroplanes and airships, 893, 899, 900 
for under water, 901 

operated below their natural wave length, 
913 

simple, mechanism of radiation by means 
of, 867 

various typos of, 888 
such a» “coil,” 889, 897 
such as “fan” or “harp,” SS9, 893 
such as “inverted L,” 889, 892 
such as multiple-tuned, 890, 894 
such as “T,” 888, 892 ' 
such as “umbrella,” 888 
Apparatus, arrangement of, in a C. W. tele¬ 
graph set, 776 

in a low power transmitter, 773 
in a spark transmitter, 454 
Arc, altoniating-currcnt resistance of, 207 
converter va, high-frequency alternator, 731 
generator or converter (Poulscn), construc¬ 
tion of, 720 

oscillating, effect of gas atmosphere on, 721 
inductance on, 715 
simple' explanation of operation, 710 
stabilizing resistance for, 714 
Poulscn, theory and action of, 713 

methods of sending applicable to, 750 
typical installations of, 723 
resistance of, 204 207 
Arrays, of long-wave antennas, 960 
effect of, on directivity, 961 
of short-wav'o antennas, 963 
Atmosphere, ionized, 371 
Atom, positively charged, conventional model 
of, 4 

simple, neutral, conventional model of, 3 
structure of, 3 

Attenuation of modulation frequencies, 788 
of propagated waves, 372 

day and night effects on, 382 
duo to buildings, 379 
woods, 375 
effect of sun on, 383 
temperature on, 385 
seasonal effects on, 381 
Audible detection for spark signal reception, 
433 

Audibility, definition and discussion of, 448 
meter, 449 
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Audio circuit of spark transmitter, analysis 
of action of, 405 
design of, 409 
resonance curve for, 411 
Audion, with gas, peculiar action of, 554 
Austin (Johen’s formula for wave propaga¬ 
tion, 373 

Autodyne method of reception of continuous- 
wave signals, 035, 705 
Automatic grid bias, 543 

detecting action of ’27 triode with, 544 

B 

Baffle board, use of, with loud speakers, R59 
“Balanced” receiver, adjustment of, 1020 
Baldwin receiver, construction and action of, 
43S 

Band filters, 155 
Barkhausen oscillations, 022 
Battery, polarizing, function of, with crystal 
rectifiers, 441 

Beat frequency, control of, in reception of 
continuous-w'avo signals, using 
heterodyne method, 70S 
in coupled circuits, 320 
receiver of continuous-wave signals, 705 
Bel, 974 

Bellini and Tosi goniometer, 047 
Bombardment, electron, 4S9 
Bridge for high-fre(iuency measurements, 524 
“Bridging” condenser, 440 
Broadcast receiver, power levels in a, 1043 
Broadcasting stations, costs of, SCO 
location of, 805 
typical apparatus for, 861 
Bruce antenna, 959 
Buffer tube, 759 

C 

Capacitance, general concept of, 276 
Capacity, 37 

effect of, on current form, 74 
ele(;trostatic, units of, 38, 243 
general discussion of, 243 
interelectrode, of a triode, 520 
internal, of a multiple-layer coil, 272 
of a two-layer solenoid, 209 
of coils, 181 
table of, 275 

mutual, of two horizontal wires, 245 
of a condenser, 38 

of conducting, isolated sphere in air, 244 
of multi-plate condenser, 247 
of single horizontal wire, earth as other 
plate, 241 

of single vortical wire in space, 244 
of two flat circular parallel plates in air, 244 
of two horizontal overhead wires with re¬ 
spect to each other, 246 
of two-wire antenna, 246 
required in closed circuit of spark trans¬ 
mitter, calculation of, 407, 431 
Bpecific inductive, 38, 253 
units of, 38 


Carrier-frequency, elimination oi, Li radio- 
telephony, 824 
in radio-telephony, 783 
values of, for radio-telephony, 789 
Cathode, unipotential, 478 
C’harged body, 2 
Charges, bound and free, 9 
induced, 8 

from electron view'point, 10 
positive and negative, difference between, 
11 

C’harging a condenser, 37 
Child’s formula for plate current in a two- 
electrode vacuum tube, 476 
Chireix directive antenna, 958 
Circuit, closed oscillating, for a spark trans¬ 
mitter, 403 

containing L, li and C, in scries, 77 

reactance, resistance and impedance of, 
vs. frc(iuency, 89 

magnetically coupled to another, con¬ 
denser in primary, current vs. 
frecpaency, 124, 125 
current and pow'or vs. secondary R, 
123 

current vs. M, 122 
condenser in secondary, 125 

application of, to vacuum tubes, 129 
current vs. frequency, 126 
primary R and A' vs. frequency, 127 
phase relations in, 128 
open oscillating, for a spark transmitter, 
403 

parallel, in series with resistance, 106 
Circuits having inductance and condenser 
in parallel, 90 
reactance of, 92 
resistance of, 92 

having resistance and condenser in parallel, 
87 

resistance and iron-core inductance, 67 
neighboring, effect of, on frequency and 
dami)ing, 305 

tuned, effect of, on oscillatory discharge, 
306 

parallel, peeuliar case of resonance in, 
104 

resonant frequency of, 106 
receiving, for damped waves, types of, 432, 
436 

with distributed capacity and inductance, 
characteristics of, 157 
with several impressed voltages and fre- 
(luencies, 75 

Circuits, oscillatory, with two frequencies, 
624 

Coil antenna, 884, 899, 900 

as directional radiator and receiver, 886, 
895, 897 

for submarines, 901 
radiation from a, 910 

variation in induction and radiation fields 
of, 911 

Coil, most efficient form of, 232 
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Coils, “bank wound,” 103 

“(nble,” effect of broken strands in, 195 
characteristics of, as affected by neighbor¬ 
ing coils, 190 

as affected by using tapped portions, 192 
edgewise-wound ribbon, resistance and 
inductance of, 225 
effect of, on form of current, 74 
“honey-comb,” 231 
iron-core, resistance of, 190 
multi-layer, capacity of, 271 

electric field distribution in, 272 
natural period of, 274 
proper construction of, for high-power, 
high-fre(iuency circuits, ISO 
radio, reasonable power faetc^r for, 193 
resistance of, as affected by mounting, 191 
solid wire and cable, for various frcciuen- 
cies, 1S7-1S9 

theory for increase in resistance of, 194 
toroidal, characteristics of, with laminated 
iron cores, 2IS 
two-layer, capacity of, 209 
typical good radio, resistance of, 193 
typical, natural wave lengths of, 275 
Compensation method of signaling, 750, 75S 
Condenser, actual, phase difference in, 205 
“blocking,” 22 

“bridging,” a^iplication of, 446 
capacity of, 37 
charge and discharge of, 52 
charged, energy stored in, 39 
charging of, 37 
construction of fixed, 251 
discharge, effect of condenser leakage on, 
292 

non-oscillatory, 2S0, 2SS 
oscillatory, frequency of, 290 
oscillograms and curves for various re¬ 
sistances, 2.SS, 291 
theory of, 2.S4 

through H and L, ejiterion for oscilla¬ 
tions, 286 
electrolytic, 256 
“dry,” 260 

equivalent scries or shunt resistance of, 254 
grid, in connection with vacuum tube in 
autodyne circuit, 777 
circuit, time constant of, 53 
effect of, on form of current, 74 
discharge, through coil, 284 
logarithmic, 248 

Condensers, constniction of, for use in spark 
transmitters, 405 

danger of l>reak down, in resonant circuit,79 
losses occurring in, 252 
phase difference in, analyzed, 264 
power, characteristics of, 260 
special form of, for wave-meter, 248 
straight line capacity, 248 
frequency, 249 
wave length, 248 
variable, forms of, 247 
volt-ampere rating of, 253 


Conductor, 16 

Conductors, constitution of, 455 
Conductors and insulators, difference be¬ 
tween, from electron viewpoint, 
17 

Continuous current, 20 
Continuous-wave generators, 713 
efficiency of, 749 
fonns of, 713 

methods of signaling with, 750 
Continuous-wave receivers, action of, 764 
“chopper,” 7G5 

Goldschmidt “tone wheel,” 765 
oscillating vacuum tube, 765 
rotating plate condenser, 765 
tikker, 705 

Continuous-wave signals, received on crystal. 
775 

reception of, 763 

Continuous-wave telegraphy, advantages of, 
365, 711 

usd of radiophone transmitting sot for, 756 
Continuous-tvave transmitters, arrangement 
of apparatus, 758, 773, 776 
methods of signaling with, 750 
(’osmic rays, 5, 3()3 
(.'ouloml), definition of, 26 
Counterpoises, 8t')7, 921 

effect of, on antenna resistance, 928 
C'oupled circuits, amplitude relations in 
(('haffee, K. L.). 313 
analysis of oscillations in, 309 
capacitively, resonance in, 146 
determination of the two frequencies ol 
oscillation, 311 
equivalent, 109, 110 

form of current in, if primary circuit is 
opened at the right time, 327 
form of resonance curves for, 140 
formula for damping factors and decre¬ 
ments in, 319 

formula for wave-length of oscillations, 314 
frequency of beats in, 326 
general case of three, 311 
oscillatory discharge in one circuit and 
non-oscillatory discharge in the 
other, 329 

oscillograms and curves of currents in, 320- 
322 

po.ssibility of no boats without quenching 
gap, 328 

resonance curves for, 136 

effect of mistuning on shape of, 141 144 
resonant, 132 

frequencies in, 133 

shape and frcfiuency of actual current in, 
321 

special forms of, 148 

tuned, effect of variation of coupling on, 
144 

untuned, resonance curves of, 141-144 
vector representation of current in, 324 
Coupled oscillatory circuits, mechanical ana¬ 
logue of, 306 
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Coupled pendulums, analysis of motion of, 1 
:^08 

Coupler, 234 

Coupling, between grid and plate, oscilla¬ 
tions caused by, CIO 
capacitive. 111 
coefficient of, 34, 107, IIG 
combined electric and magnetic, 113 
constant induced voltage due to, 115 
critical, of oscillating tube as affected by 
condenser in scries with grid, Oil) 
direct, lO.S 

effect of variaticni of, in tuned circuits, 13.S, 
130, 145 
general idea of, 34 
inductive, lOS 
“link circuit,” 116 

of grid and plate circuits, of an oscillating 
tube by capacity, 610 
of a tube by capacity, critical value of, 
for oscillations, 613 

of input and output circuits of a tube, crit¬ 
ical value of, for oscillations, 503 
test for detecting oscillating condition of 
tubes, 641, 643 
various kinds of, 107 

C’rystal rectifiers—a.c. characteristic of Peri- 
kon, 443 
carborundum, 440 
characteristics of, 441 
current through, analysis of, 445, 416 
c.c. characteristic, 440-443 
desirable characteristics of, 444 
Galena, 441 
Perikon, 442 

polarizing battery for, 441, 412 

Current, alternating, in a circuit in series with 
which there is a perfect insulator, 
20 

continuous and alternating, 2t) 
combined, 215 

decay of, in induetiv'c circuit, 47 
density of, in a solid, round, conductor at 
three different frequencies, 175 
direct, 20 

direction of flow of, 16 

distribution of, in conductor at high fre¬ 
quency, 164 

in the conductors of a short solenoid, 
179 

electric, nature of, 12 
flow of, in a condenser, 73 

on connecting a condenser to a source of 
continuous o.m.f., 51 

form of, in circuit having iron core in¬ 
ductance, 70 

in a circuit having R and C in series, 75 
in a circuit having R, L and C in series, 77 
in a circuit having R and L in series, 61 
in a circuit with resistance only, 40, 57 
in a circuit with R and iron-core induc¬ 
tance in series, 67 

in a circuit, with voltages of different fre¬ 
quencies, 75 


Current, in a condenser, 73 
in an inductive circuit, 40 
in a coil receiving antenna, 916 
in parallel circuits, 87 
in a simple receiving antenna, 914 
“lagging” or “leading,” 58 
locus of, in a capacitive circuit with vary¬ 
ing frequency, 105 

in an indindive circuit with varying fre- 
qucn(;y, 105 
logarithmic rise of, 40 
penetration of, in conductors, 168 
rise of, in induetiv-^e circuit, 40-46 
in iron core inductance, 71 
thermionic, 458 

transient, in a circuit having L and R, 66 
in a circuit having C and R, 77 
on switching a resistance circuit to an 
a.c. line, 61 
unit of, 25 

r.v, capacity, in a resonant circuit, 84 
r.s. fre<iuency, in an inductive circuit, 65 
in a circuit having R and C in series, 76 
in a circuit having R, L and C in series, 
77 

in a circuit with distributed inductance 
and capacity 160 
in a resonant circuit, 84 
(’urrents, alternating, of different frequencies, 
combined, 219 

in a parallel resonant circuit, oscillogram 
of, 98 

rising and decaying, effect of, on neigh- 
l>oring circuits, 48 

D 

Damped sine wave of current, 292 
Damped wave, current, voltage and energy 
in, 208 

train, effective value of current in, 301 
Damping coefficient, definition of, 296 
Deactivation of filament, 467 
Deci})el, 975 

table of c(iuivalent power ratios, 976 
Decrement, 84, 296 

deteniiined by energy waste per cycle, 297 
determined by fonn of resonance curve, 84 
effect of, on quality of received speech in 
radio-telephony, S32 

Detecting efficiency of three-electrode tul^e, 
measurement of, 567 
compared to that of crystal, 566 
dependent on plate circuit impedance, 566 
Detection of damped waves by triode, 534 
Detection by plate rectification, 537 
for typical triode, 544 
by grid rectification, 545 

effect of frequency and decrement of 
signal on, 554 

oscillograms showing, 556, 557 
Detection of damped waves by means of 
regenerative tube circuit, 646 
Detection of radio signals, visual, audible. 
433 



1072 


INDEX 


Detection of undamped waves by means of 
oscillating tube, analysis of, 634 
with grid condenser, 587 
without grid condenser, 585, 634 
use of separate tube for local oscillations, 
638 

Detector action of three-electrode tube, with 
grid condenser, analysis of, 548 
illustrated by oscillograms, 556 
with grid condenser as affected by fre¬ 
quency and decrement of signal, 
554 

non-linear response of, 564 
overloading of, 565 
Detector, vacuum-tube type, 447 
Detector voltage constant, 559 
for typical triodes, 561 
Detectors, action of, 445 
Dielectrics, commercial, constants for, 266 
as affected by temperature, 267 
comparative merits of, 264 
Diode, 472 

circuit equivalent of triode, 576 
Direction finders, 947 
analysis of, 94S 
effect of sky wave on, 957 
elimination of “ 180° uncertainty” in, 957 
in navigation, 950 

incomplete extinction of signals in, 954 
reliability of, 955 

Direction of signal, reason for change in 
apparent, 957 
Directional radio, 392 
Directive antennas, 392, 959 
Directive radiation, 886 
Distance, transmission, of radio signals, 378 
Distortion, effect on, of push-pull arrange¬ 
ment, 1004 

due to non-linear response of detector, 565 
due to overloading of detector, 565 
frequency, by detector, 562 
produced by amplifiers^ 1043 
Distribution of current and potential, for 
simple antenna, 931, 941 
with and without loading, 931, 939, 
for commercial antenna, with and without 
loading, 939 

in the conductors of a short solenoid, 179 
of energy in speech, 804 
Distribution of flux inside a sliort solenoid, 
178 

Distribution of signal around station, 394 
Disturbance, seasonal variation of, 389 
Diversity factor in radio reireption, 961 
Double detection receiver, 1035 
Dynatron, 655 

E 

Ear, sensitivity of, 804 
Echo, radio wave, 381 

Eddy currents, in a laminated iron core, 197 
neighboring circuits heated by, 196 
Edgewise wound coils, resistance and in¬ 
ductance. variations of, 225 


Effect of grid excitation on the form of Zp and 
Iff o{ a. separately excited power 
tube, 661 

Effect of load resistance on the form of Ep 
and Ip of a separately excited 
power tube, 663 

Effect of neighboring circuits on frequency 
and damping, 305 

Effect of the local oscillations of a tube de¬ 
tector of undamped waves upon 
strength of signals, 637 
Effective value of alternating current, 23 
Effective value of irregular current forms, 56 
Efficiency, calculated, of a separately excited 
power tube for various forms of 
plate current, 668 

dependence on minimum plate voltage, 672 
of a separately excited power tube for 
various plate voltages, 669 
measured, of a separately excited power 
tube, 671 

of' a thrce-eloctrode tube as a detector, 
analysis of, 539, 566 

probable, of Alexauderson alternator, 749 
of Cloldschmidt alternator, 749 
of Poulsen arc, 749 
of static friHiuency changers, 749 
of vacuum-tube oscillators, 749 
Electric current, nature of, 12 
Electric field, “closed,” 872 
extent of, 6 

moving, generates magnetic field, 871 
“open,” 8, 873 
Electric fields, 5 

represented by lines, 6 
Electricity, nature of, 1 
unit of quantity of, 20 
Electromagnetic fi(4d, 24 
Electromagnetic waves, discussion of, 359, S74 
Electromotiv'c-force, 13 

and difference of ixitoritial, 16 
due to direct actirin of light, 1.5 
due to thermal agitation, 14 
induced, direction of, 29 
induced, magnitude of, 29 
unit of, 26 

Electromotive force of mutual induction, 33 
Electron, as wave train, 1 (footnote) 
Electron bomliardment in vacuum tubes, 489 
Electron, charge on, 2 
Electron current, 458 
“saturation,” 459 

Electron emission, affected by condition of 
hot surface, 4.59 

duo to high potential gradient, 456 
due to light, 455 

. effect of oxide coating on, 463 
from a conducUir, 455 
from a filament vs. filament current, 481 
power reel aired for, 469 
theoretical, from a tungsten filament, 459 
Electron, mass, 2 

variation of, with velocity, 2 
radium 2 
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Electron stream as constituting an electric 
current, 870 
Electron velocity, 461 
Electrons, 1 
constants of, 2 

current due to velocity of, 401 
distribution of, near surface of a hot metal, 

460 

“drift” of, 14 

emitted from a hot body, theoretical pre¬ 
diction of number of, 457 
in motion, constitute an electric current, 13 
number of, removable from an atom, 4 
velocity of emission of, from a hot metal, 

461 

Electron-volt, as unit of work, 26 
Elimination of undcsired frequencies in oscil¬ 
lating tube circuits, 625 
Emission of electrons, 455 

due to high voltage gradient, 456 
effect of oxide coating on, 463 
“dirt” on, 459 
thorium, 465 

extraordinary values of, 466 
from tungsten, 459 

variation of, with filament current, 4S0 
Energy distribution curve of spark trans¬ 
mitter, 426 

Energy distribution in speech, 804 
Energy, of radiated electric and magnetic 
fields, 358, 869 

of water particles in water waves, 357 
stored in a charged condenser, 39 
stored in a magnetic field, 32 
unit of, 26 

Eciuivalcnce theorem of detector action, 558 
E<iuivalciit circuit of triode, 576 
Espenschied, attenuation constants of, 374 
Ether, 7 

Evacuation of a vacuum tube, 498 
Excitation, power used for, 653 

separate, for a group of vacuum tulies, 651 


F 

Fading, 385 

due to interference of two waves, 385 
Fan antenna, 889, 893 

Field, electric, duo to an antenna, intensity 
of, 879, 882 

duo to several charges, 9 
in motion, 871 
open and closed, 8, 862 
cleetromagnetic, 24 
magnetic, 23 

duo to an antenna, intensity of, 879, 882 
due to an electric current, 2 4 
in and around a iion-magnetic wire, 170 
in and around a wire of magnetic mate¬ 
rial, 173 
in motion, 870 
open and closed, 871, 873 
energy stored in, 32 
Field “induction,” 358, 879 


Field radiated, at any distance from a ver¬ 
tical wire antenna, 881 
at any distance from a coil antenna, 883 
Field “radiation,” 359, 879 

distribution of, in equatorial plane of coil 
antenna, 886 
Fields, electric, 5 

and magnetic, acting together, 242 
associated with wave radiation, 875 
in \dcinity of an antenna, 873 
examples of, 6-9 
represented by lines, 6 
Filament of a vacuum tube, unequal currents 
in, 479 

effect of plate current on, 478, 666 
resistance of, 507 

Filaments for va(;uum tubes, oxide-coated V8. 
thoriated, 468 

tungsten and oxide-coated, 463 
Filters, 150 

aperiodic, or non-resonant, 151 
band pass, 155 

coil-resistance (low pass), 151 
condenser-resistance (high pass), 151 
cut-off fre<iucncy, 152 
for power supply, 156 
inductance-capacity, 152 
performance of typical sections, 154-156 
surge impedance of, 152 
to separate two bands of frequency, 154 
Finger test for detecting oscillating condi¬ 
tions of tubes, 641, (>43 
Five electrode tube, 693 
“Flash-back” voltage of mercury vapor tube, 
698 

Fleming valve, 470 

Fluorescence in vacuum tubes with oxide- 
coated filaments, 497 

Flux density, variation of, throughout the 
section of a lamination of an iron 
core, 197, 201 

Flux, depth of penetration, 200 
inside a wire, 170 

Flux distribution inside a short solenoid, 178 
Four-electrode tube, 503 
Freak transmission, 381 
Free grid, potential of, 509, 511 
effect on plate current, 511 
Frequeneics required for speech and music, 
786 

Frequency, 22 

effect of, upon input capacity and con¬ 
ductance of a tube, 531 
of oscillating tube, constancy of, 626 
factors affecting, 633 
fixed by piczo-olectric plates, 627 
of oscillating tube current for capacity 
coupling of grid and plate cir¬ 
cuits, 612 

of oscillatory circuit, 294 
radio, 363 
resonant, 80 

of parallel circuits, 106 
table of L and C values for. 82 
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Frequency, standardization of, 366 
transformation, 740 

tripling, use of “wabbling neutral” for, 745 
Frequency changers, static, efficiency of, 749 
for doubling frequency (Joly, Epstein, 
Vallauri), 741 

for tripling frequency (Taylor), 743 
losses in, 747 

methods of sending applicable to, 755 
types of, 741 

“wabbling neutral,” for tripling fre¬ 
quency, 745 

Frequency doubling, by piezo-crystal circuit, 
759 

Fuller, attenuation constants of, 374 
G 

Gap, spark, types of, 416 
quenched, 419 

cross-section of, 420 
requirements for rapid do-ionization, 
419 

theory of action, 420, 424 
synchronous rotating, 416 
Gas in tungston filament tubes, tendency of, 
to disappear, 500 
in vacuum tube, detection of, 409 
effect of, 405 

Generator, electric, alternating-current, 22 
continuous-current, 22 

Generators of high frequency, typos of, 
713 

“Getter,” 499 

Gill-Morrel oscillations, 624 
Goldschmidt alternator, application of tuned 
circuits in, 732 

connections for, to increase frerpiency in 
one machine, 735 
construction of, 739 
efficiency of, 749 

methods of sending applicable to, 754 
theory of action of, 732* 
typical installation of, 740 
Goniometer, Bellini and Tosi, 917 
analysis of action of, 94S 950 
Grid, 4S1 

action of, in three-electrode tubes, 4S2 
bias, automatic, 543 

methods of obtaining, 536 
condenser, for three-electrode tube when 
used as detector of dampc<l 
waves, 545 

value of, for tubes used as detectors, 
555 

current, in well-evacuated three-electrode 
vacuum tube, 503 

free, 510 

normal potential of: 534, 540 
potential of, 511, 512, 55H 
Grid potential of a threc-electrodc tulic act¬ 
ing as detector with grid con¬ 
denser, 546 
Ground wave, 380 


H 

Harmonics, upper, effect of elimination of, 
103 

in parallel resonance tests, 101 
in reception of continuous-wave sig¬ 
nals, using heterodyne receiver, 
709 

phase of, not important in telephony, 787 
Harp antenna, 889 
Heater type of tube, 479 

Heating of the plate of a three-electrode tube, 
574 

Heising’s scheme of modulation, S14, 815 
Helmholtz coils, 090 
Henry, unit of self-induction, 32 
Hertz antenna, 937 
feeding a, 905 

elTcct of changing feed point, 900 
Heterodyne reception of undamped waves, 
5S5, 587, 034, 705 

control of pitch of signal note in, 708 
efTect of harmonics in, 709 
High-fre(iuer*cy measurements, bridge ar¬ 
rangement for, 524 

High speed transmission, effect of, on selec¬ 
tivity of receiver, 973 
Hipernik, magnetic action of, 211 
“Honeyeomb” coils, 231 
Howling of amplifier, due to sound wave 
coupling, I0t>0 

Hysteresis in vacuum tulies, 501 
Hysteresis loop, 211 

I 

Impedance, 03 

of a branched circuit containing L nnrl R in 
one branch and (J and R in the 
other, 92 

of a circuit containing L, R and (' in scries, 
89 

Impulse excitation, of a parallel resonant cir¬ 
cuit, 340 

of an oscillating circuit, 33S 
Inductance, between two coaxial spirals, 
239 

between two (^>00011 trio solenoids as one 
rotates, 239 
roefTicient of self-, 209 
efFect of, on form of current, 74 
fonnula*, 222 
general concept of, 270 
in grid and jilate circuits of an oscillating 
tube, effect of, upon tube opera¬ 
tion, 087 

mutual, from electron viewpoint, 210 
of two coaxial, circular coils of rect¬ 
angular cross-section, 236 
of tw’o coaxial spirals, 239 
of two concentric coils, one rotatable, 238 
of two overhead parallel wires, grounded, 
at same height from ground, 237 
of two single turns, coaxial, 235 
of two solenoids, 236 
peculiar case of, 239 
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Inductance, self-, 222 
of a flat spiral, 227 
of a flat square coil, 230 
of a single circular turn of roun<l wire, 
223 

of a single horizontal wire, 223 
of a single-layer solenoid closely w’ound, 
223 

of a single-layer square coil, 220 
of a single straight vertical wire distant 
from all other condu<‘tors, 222 
of a toroidal coil of (drcular croKs-s(‘c- 
tion, 220 

of a toroidal coil of rccdangiilar cross- 
section, 22S 

of “honeycomb” coils, 231 
of multi-layer coils of rectangular cross- 
section, 230 

of two-wire antenna', 238 
variable, design of, 233 
Induction field, 358 

around coil antenna, 911 
Inductive circuit, current rise in, 40-40 
decay of current in. 47 
time constant of, 41 
Input circuit of a tube, 523 

capacity and conductance of, rs. plate 
circuit reactance, 530 532 
vs, plate circuit resistance, 529-531 
conductance of vs. gri^l potential, 525 
vs. filament current, 525 
vs. plate voltage, 525 
effective capacity of, 527 
equivalent of, for a damped wave detector, 
518 

geometrical capacity of, 527 
negative conductance of, 53,0 532 
reduction of capacity of, 53,2 
resistance ()f, 524 

Insulating materials, characteristics of some 
commerical, 207 
Insulators, 17 

disruptive strength of, IS 
elTectof temperature on disruptive strength 
of, 18 

Interelectrode capacity, of triode, 520 
as cause of oscillations, 5:U 
Interference of tw'o waves, 380 
Interrupted continuous wave telegraphy, 300 
Inverse voltage, of mercury vap«)r rectifiers, 
097 

Ionization, danger of, to vacuum tubes, 497 
in vac'uum tubes, 495 
Iron, action of, at high frc(iuencics, 199 
in magnetic field, 25 

Iron-core coil, self-induction of, for current 
changes, 09 

Iron-core coils, action of, for a.c. and c.c. 
combined, 215 
resistance of, 198, 199 
Iron dust for coil cores, 202 
Iron for coil cores, characteristics for, 202 
Iron selenide, in light cells, 15 
laolantitc, characteristics of, 2G3 


J 

Jf)ule, definition of, 26 
K 

Kennclly Heaviside layer, 371 
Kenotron, 472 

L 

“L,” inverted, type of antenna, 889, 892 
Leak resistance, for three-electrode tube 
when used as detector of damped 
waves, 540 

value of, for tube used as a detector, 555 
Leyden jar, use of, in spark transmitter, 405 
Litzendraht wire, 176 
“Loading” an antenna, 939 
Logarithmic decrement, definition of, 296 
formula for, 296 

Logarithmic graphs for diode, 477 
for three-elect Hide tubes, 516 
Loop antenna for submarine, 901 
Loud speakers, S5:J 

conversion efficiency of, 857 

direcrtional emission of sound from, 860 

distortion due to, 857 

elTect of baffle l)oard on response, 859 

elTect of horn, 855 

hornless, 859 

“moving coil” type, 856 

response vs. frequency, 857-861 

M 

Magnetic action of alloys, 212 
.Magnetic circuit, excited l^y alternating and 
coiPinuous current combined, 215 
excited by alternating currents of different 
fre(]uencies combined, 219 
of an iron core, as alTectcd by an air gap, 
219 

Magnetic field, 23 
“closed,” 871 
effect of iron in, 25 
energy stored in, 32 

pnxluced i)y electric current, direction of, 
24 

“open,” 873 

set up by electric current, 24 
Magnetic flux, inertia of, 48 
Magnetron, 622, 695 

Masts, elTect of, on radiation pattern, 945 
Mercury rectifier, 470 

Mercury vapor, hot cathode rectifier, 471, 697 
Mesny directive antenna, 959 
Meters in alternating-current circuits, 60 
Microphone, as a circuit element, 795 
carbon granule, 790 

distortion produced by, 790, 801 
condenser, 797 

desirable characteristics of, 797 
double button, 791 

construction of a modern, 793 
rating of a, 794 
moving coil, 797 
transmitter, 790 
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Miller, J. M., method of measuring a.c. 

resistance of output circuit of a 
tube, 519 

method of measuring of a tube, 514 
Modulated current, 783 
power of, 823 

Modulated frequencies, all attenuated alike, 
788 

Modulated wave, analysis of, S19 
Modulating frequency, 783 
Modulation, analysis of, 805 
conditions lor best, 805 
distortion, in transmitters, 853 
experimental analysis of, 827 
grid, 812, 824 
Heising scheme of, 815 
measurement of percentage of, 810 
percentage of, 809 

plate, circuit arrangements for, 818, 819 
plate circuit reactance scheme of, 814 
requirements for, 805 
schemes for, 826 
types of, 783 

types of distortion in, 811 
Modulator, balanced, 825 
equivalent circuit of, 813 
Multi-function tubes, 710 
Multiple-tuned antenna, 889, 894 
Multiplex radio-telephony, S35 
Multivibrator circuit, 703 
Music, frequencies required for, 786 
Mutual conductance of triode, 533 
Mutual inductance, between two coaxial 
spirals, 239 

critical, for maximum amplification, 131 
of two coaxial, circular coils of rectangular 
cross-section, 236 
of two coaxial solenoids, 236 
of two concentric coils, as one rotates, 239 
of two overhead parallel wires, grounded, 
at same height from ground, 237 
of two single turns, coaxial, 235 
variation of, between two coils, 34 
Mutual induction, 33, 235 
coefficient of, 33 
from electron viewpoint, 240 
peculiar case of, 239 
practical uses of, 36 

N 

Nagaoka’s constant, 224 
Nature of speech and music, 802 
Natural period of multi-layer coils, 274 
Natural wave length of an antenna, 929 
effect of ground on, 930 
Neutralized radio frequency amplifier, 1016 
Noises in oscillating tube detector circuit, 644 
Nucleus, constitution of, 3 
Nuisance range of broadcast transmitter, 837 

O 

Ohm, definition of, 26 

Oscillating conditions of a tube, criterions for, 
641 


Oscillating current comparable with plate 
current, 609 

Oscillating detector tube, peculiar noises in, 
644 

Oscillating power tubes in multiple, 650 
Oscillating tube, adjustment for maximum 
output, 606 

as a detector of undamped waves, 585 
circuits, analysis of, 588 
of very high frequency, 618 
conditions, for maximum output of, 572, 
602 

necessary for self-excitation, 581 
effect of grid condenser on, 639 
efficiency of, 569, 571 
elementary analysis of, 569 
excitation of, 569 
output of, 571 

under conditions of oscillating current 
comparable in value with plate 
current, 609 

use as a continuous-wave generator, 74S 
uses of, 507 

variation of output current and power of, 
r.s. exciting grid voltage, 581 
rs. resistance in output circuit, 573 
with oscillating circuit in grid circuit, 616 
Oscillation constant, 108 
Oscillation transformer, 403, 429 
Oscillations, of a tube, amplitude of, in steady 
state, 600 

at other than desired frequency, 608, 
t)25 

caused by interelectrodo capacity, 533 
constancy of, (>26 
criterions for, (>41 

due to coupling between grid and plate, 
610 

effect of, on grid and plate currents, 605 
on plate ctirrent, 640 
stability of, 604 
starting and stupi>ing, 605 
types of (for arc generators), 718 ' 

Oscillatory circuit, current and voltage rela¬ 
tions in, 295 

excited by a damped sine wave, analysis of, 
348 

resonance curve of, 351 
excited by being connected to an alternat¬ 
ing c.m.f., theory of, 332 
excited by continuous voltage, theory of, 
330 

excited by damped sine wave, 351 
excited by energy stored in inductance, 332 
excited by p\jlso, analysis of, 338 
Oscillatory condition of a tube, prediction of, 
by placing total resistance equal 
to zero, 595 

Oscillatory circuits, of a spark transmitter, 
421 

Oscillatory currents of a spark transmitter, 
discussion of, 421 

Oscillatory discharge, frequency and damping 
of, 284 
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Oscillatory discharge, as affected by neighbor¬ 
ing circuits, 305 
through a spark gap, 301 
Oscillograph, 41 
“cathode ray,” 44 
Duddell, 42 
Dufour, 46 

Einthoven string galvanometer, 43 
Output circuit of a tube, 51S 
Output impedance of a tube, 5IS 
Output resistance of a tube, 518 
a.c. measurement of, 519 
Oxide coating, cffect^of on electron omission, 
463 

Oxide coated filaments, comparison with 
thoriated tungsten, 468 

P 

Parallel circuit, 92, 101, 106 
in series with a resistance, 106 
Parallel resonance, 93 

telephone receivers show, 104 
Pendulums, coupled, analysis of motion of, 
308 

experiment, qualitative analysis of, 300 
Penetration of current into a conductor, 168 
Pentode, 693 

Periodic disturbance in resonant circuit, 306 
Pennalloy, 202, 213 
Permeability, magnetic, 25 
of iron cores, 211 

affected by magnitude of a.c. m.m.f., 217 
previous magnetization, 216 
different, in different parts of a core, 21 s 
for currents of different fretiuencies, 
combined, 219 

incremental, affected by c.c. m.m.f., 217 
Penninvar, magnetic characteristics of, 213 
Phase, 57 

difference of conden.scrs, 263, 265, 268 
of various diclectric.s, 266, 267 
variations of, vvitli fre(iuoncy and 
temperature, 263 

of grid voltage of a self-excited tube, pos¬ 
sibility of variation of, 877 
relation of electric and magnetic fields in 
electromagnetic radiation, 875, 
879 

relations, effect of, on the possible power 
output of a tube generator, 579 
of voltages and current in a tube gen¬ 
erator, 575 
Photo-electric cell, 456 

Piezo-electric crystal for fixing frequency of 
vacuum-tube oscillator, 627 
Plato circuit of triode, resistance of, 51S 
Plato circuit rectification of typical triode, 544 
Plato circuit impedance, effect of, on detector 
action, 666 

Plate current, effect of, on filament current. 
479, 507. 666 

Plates of a tube, heating of, 574 
Positively charged atom, model of, 4 


Potential difference, 16 

variation of, between the layers of a two- 
layer solenoid at high and at low 
frequency, 271, 272 
Potential gradient of triode, 482 

between plate and filament of a two- 
electrode vacuum tube, 470 
Poulsen arc, action of gaseous atmosphere in, 
721 

efficiency of, 749 
instability of, 713 

methods of sending applicable to, 750 
normal, 719 

practical constrinUion of, 720 
theory and action of, 713, 716 
types of oscillations in, 718 
typical installations of, 723 
Power, amount transmitted from long wave 
stations, 399 

in .sound, for various sized rooms, 805 

in speech and music, 803 

level, in l>ro<idcast receiver, 1043 

in a short wave telegraph transmitter, 
761 

in transatlantic channel, 840 
reciuirod for various distances in radio- 
telephony, 378 
unit of, 26 

used for excitation of various tubes, 653 
used in the plate of a three-electrode tube, 
60, 574, 761 

in a circuit excited by pulsating current, 
55, 59 

in a continuous-current circuit, 54 
in an inductive circuit, 63 
in a resistance (*ircuit, 58 
Power factor, 64 

Power output of triode, dependent on grid 
excitation, 581 
load circuit resistance, 573 
l)hase relations of voltage and current, 
577 

Power supply for plate circuits, 697-702 
l^)wer tubes operated in parallel, 650 
Production of current in antenna, methods 
for, SS7, 937 

Propagation of weaves in sea w^ater, 903 
Protective e(iuipmcnt of spark transmitter, 
401 

P\ilso excitation of antenna, 972 
of oscillating circuit, 338 
“Push-puir’ type of amplifier, 1004 
“Push-push” type of amplifier, 1008 

Q 

(Quality of speech received by radio-telephony 
as affected by decrement, 832 
Quantity of electricity, unit of, 26 
(Quantum, of energy, 1 
Quartz, piezo-electric, 629 

plates, electric circuit equivalent of, 634 
mounting of, 630 
temperature effects of, 631 
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Quenched gap, construction of, 419 
cross-sectional sketch of, 420 
requirements for rapid de-ionization of, 419 
theory of action of, 420, 424 

R 

Radiation, 358 
field, 359, 879 

distribution of, around coil, 911 
from electron viewpoint, 880 
from receiving sets, 774 
mechanism of, by means of simple an¬ 
tenna, 867 

of light from a hot filament compared to 
radiation from an antenna, 909 
of iK)wer from an antenna, law of, 905 
of power from a coil antenna, law of, 910 
resistance, 912 
Radio beacons, 966 
range of, 968 

Radio communication, waves used in, 3t>2 
Radio-compass service for ships, 950 
Radio-phone broadcasting, 846 
description of equipment for, 846 
“volume control” for, 847 
Radio-phone sets, 812, 818, 848 

high-power, using tul)e generators, 841, 849 
Radio-phone transmitting set, harmonics 
from, 852 

use of, for undamped wave telegraphy, 756 
Radio-telephony, field of use of, 7M) 
fundamental idea, 366, 781 
receiving system for, 1042 
transatlantic, 839 

Radio-phone transmission and reception, 
simultaneous, 837 

Radio-phone transmission, multiplex, 835 
Radio waves, 362 
reflection of, 380 
refraction of, 375 

Range of radio telephone transmitter, 378, 
837 

nuisance, 837 
Reactance, 62, 74 

of a circuit to which another is coupled, 
118, 121, 125, 127 

of circuit having distribute<l constants, 160 
of circuit having L and (' in scries, 78, 79 
of parallel circuits, 92 
Reactivation of filament, 468 
Receiver, for damped waves, inductively 
coupled, 436 

detecting circuit inductively coupled to 
antenna, 436 
for short waves, 771 
Receivers, telephone, 437 

Baldwin, or balanced, 438 
electrical characteristics of, 104, 1001 
Seibt, 439 

Receiving apparatus, 398 

for damped wave signals, 434 
Receiving station, essential elements of, 398, 
434 


Receiving system for radio-telephony, 784, 
846, 1042 

Reception of undamped waves by means of 
oscillating tubes, 585, 6114 
Reception of undamped wave signals, 763 
necessity for special receiving sot-’, for, 763 
Rectification by three-electrode tube without 
grid condenser, as shown by oscil¬ 
lograms, 538-542 
Rectification, plate circuit, 537 
grid circuit, 550 

Rectifier, application of, in spark telegraphy, 
434 

correct connection of, in a receiving cir¬ 
cuit, 453 
crystal, 441 
“ kenotron,” 472 
mercury, 470 
” tungar,” 471 

Rectifying detectors, action of, 435 
Rectifying tube, using gas and cold elec- 
, trodes. 472 

Uoflection of radio wav(‘s from ionized 
layer of atmosphere, 380 
Reflections from idle antemuis, effect of, 392, 
9()2 

Refraction of radio waves, If75 

apparent, of long wave stations, 375 
Regeneration, amount of anqilification by, 
647 

Regenerative circuit for spark reception, 
64 (> 

Regenerative receiver, behavior of, G4S 
Relative phases of voltage and current in an 
antenna, 914 
Resistance, 19, l(>2 

and reactance, of the primary of an indue- 
tively-coupled circuit for various 
frerpjeiK'ies, 127 

vs. freciuency in circuit with distributed 
indiictatjco and capacity, 160 
critical, of load circuit for inaxirnuin ampli¬ 
fication, 130 
output, 573 

elTcct of illumination upon, 28 
effect of magnetic field upon, 28 
effect of tern])cratlire upon, 27 
effectiv'c, 54, 64 
general conco]it of, 162 
materials with peculiar variations of, 207 
negative, of an arc, 207 
of a circuit, having distributed constants, 
160 

of a conductor, law of, 2(», 164 

variation of, with temperature, 27 
of a circuit to which another is coupled, 
118, 121, 125, 127, 130 
of an antenna, 207, 921 
of coils at higher radio frequencies, 189 
of coils, effect of neighboring circuits on, 
190 

of grid circuit of triodc, 523 
of iron-core coils, 198 
of multi-layer coils, 181- 184 
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Reeistance, of parallel circuits, 92 

variation of, for different points of power 
supply, 97 

of plate circuit of triode, 518 
of tetrode, 690 

of single-layer solenoids vs. frequency, 183 
of spark and arc, 204, 206, 302 
of the circuits of a three-electrode tube and 
its variation, 518, 525 
of tuned circuit, affected by plate circuit, 
120 

positive and negative, 163 
“Radiation,” 912 

specific, of common metals, alloys and 
solutions, table of, 27 
temperature coefficient of, 27 
unit of, 26 

variation of, in an alternating-current cir¬ 
cuit, 28 

various factors affecting, 16^1 
Resonance, 79 

in a circuit to which another is magnet¬ 
ically coupled, 117, 124 
in circuits with capacitive coupling, 146 
in parallel circuits, 93 

effect of harmonics on, 101 
experimental curves of, 99 
series, with varying capacity, 84 
Resonance curve, effect of resistance on, SI, 
124 

of an oscillatory circuit excitetl l)y dampo<l 
sine waves, 351 

Resonance curves for coupled circuits, 13S 
effect of mistuning on, 141 144 
effect of secondary resistance on form of, 
140 

form of, for parallel circuits, 99 
Resonant adjustment of the audio circuit of a 
spark transmitter, 411 

Resonant circuit, effect of periodic disturl)- 
ances in a, 336 

Resonant frequencies in coupled circuits, 133 
Resonant fre<iuency of circuits having dis¬ 
tributed constants, 160 
of parallel circuits, 106 
Resonant multiple circuit, etTect of harmonics 
on, 101 

effect of mutual induction in, 94 
experimental curves for, 99 
experimental tests of, 97 
peculiar case of, 104 
Resonant multiple circuits, 93 
Richardson’s formula for electron emission, 
457 

S 

“S” tube, 473 
Saturation current, 459, 473 
Season, effect of, on radio transmission, 381 
Screen-grid tube, 503, 687 
a low power tube, 692 
amplification factor of, 691 
plate circuit resistance of, 690 
with variable m, 692 


Secondary emission, 456, 655 
effect of, in power tubes, 671 
Selectivity, definition and discussion of, 448 
Self-excitation of a triode, 581, 589 et seq. 
Self-heterodyne method of reception of con¬ 
tinuous-wave signals, 765 
Self-induction, coefficient of, 31, 209 
cocffi(dent of, for current changes, 69 
for typical circuits, 222-230 
of a coil as affected by presence of a short- 
circuited neighboring coil, 36 
of iron-core coils, 210 
units of, 32, 209 
Sensitiveness of human ear, 804 
“Shielded grid” tube in tuned radio-fre¬ 
quency amplifiers, 760, 1023 
Shielding against changing magnetic fields, 
280 

against electromagnetic fields, 280 

comparison of iron and copper for, 283 
against magnetic fields, 279 
effect of, on a circuit, 283 
electric, effect of fretiuency and resistance 
on, 278 
electrostatic, 277 
increases losses, 283 
Short-circuited turn, effect of, 30 
Short-wave antennas, methods of feeding 
965 

Short-wave condenser, 404 

Short waves, generation of, 620-624 

Short wave receiver, 771, 1042 

reception, effect of frequency variation on, 
772 

transmission, 368, 384, 392, 400 
skip distance in, 369 
use of elevated stations in, 401 
transmitter, 773, 760, 819 
special t nodes for, 621 
Shot effect, cause of tube noise, 1062 
Side bands, 821 

experimental demonstration of, 831 
Signal, day and night variation in strength 
of, 382 

distribution around a station, 377, 394, 
945, 946 

seasonal variation in strength of, 381 
selection of, 399 

strength, ratio of, to atmospheric distur))- 
ance, 364 

transmission, compensated method for 
undamped waves, 750 
“cut-in” method for undamped waves, 
750 

effect of high speed in, 973 
mo<lulated method for undamped waves, 
764 

various methods of, with undamped 
waves, advantages and disad¬ 
vantages of, 757 

Signaling with high-frcciuency continuous- 
wave generators, methods of, 750 
Simultaneous radiophone transmission and 
reception, 837 
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Simultaneous sending and receiving, essen¬ 
tial elements required for, 841 
Single side band radio-telephono transmis¬ 
sion, 826 

Skid-fin antenna for aeroplanes, 899 
Skin effect, 165 

affects design and size of conductor, 177 
elimination of, 174 
in coils, 178, 184 

in continuous-current circuits, 165 
in straight wires, 166 
simple analysis of, 170 

table showing results of, in multi-layer 
solenoids, 182 

in single-layer solenoids, 180 
Skip distance, 369 
Sky W’ave, 380 

cause of apparent change in direction of 
signal, 957 

Solenoid, best form of, 225 

effect of metal disk inside of, 234 
Solenoids, multi-layer, variation of resistance 
with frequency, 182 
internal capacity of, 269 
single-layer, variation of resistance with 
frequency, 180 
capacity of, 275 
natural frequency of, 275 
Solutions, resistance of, 27 
Soramerfeld’s attenuation constants, 374 
Sound power, required for various rooms, 805 
Sound waves, amount of power in, 803 
Space charge in vacuum tubes, 475, 480 
Spark gap, classification, for spark trans¬ 
mitter, 416 
quenched, 308 

synchronous rotating type, 416 
Spark, resistance of, 302 

Spark set, arrangement of apparatus for, 
403, 454 

commercial, photographs of, 452 
Spark signal reception, f)y regenerative cir¬ 
cuit, 646 

Spark telegraphy, definition of, 365 
receiving set for, 432 
Spark transmitter, adjustment of, 427 
power input, 430 

audio-frequency circuit, analysis of, 405 
design of, 409 
resonance curves for, 411 
simple equivalent of, 40t) 
transient conditions in, 412 
capacity and inductance retiuired in closed 
and open circuits, 431 
characteristics of, 429 
description of, 403 
energy distribution curves for, 429 
power condensers4or, requirements of, 405 
radio-frequency circuits, 421 
currents in, 422 

resonance curves for, best position for 
wavemeter coil, 425, 427 
with non-quenching gap, 426 
with quenching gap. 427 


Spark transmitter, variation of high-fre¬ 
quency current with capacity, 408 
Speakers, loud, 853 et soq. 
effect of horn, 855 

Specific inductive capacity of liquids, vari¬ 
able with temperature and fre¬ 
quency, 264 

table of values, 253, 266 
Spectrum of electro magnetic waves, 363 
waves used in radio, 363 
Speech, distribution of energy of, 804 
freiiuencios required for, 786 
nature of, 802 

“Squealing” of amplifiers, 1051 
Static, 388 

form and frequency of, 391 
Steady state in an antenna, setting up of, 969 
Stone, J. S., eiiuation for spark-gap resis¬ 
tance, 302 

Strays, classification of, 388 
elipiination of, 391 
Submarine, jintenna for, 901 
Superheterodyne receiver, 1035 

image setting of local oscillator, 1036 
image signal and its suppre.ssion, 1037 
performance of a typical, 1039 
principle of operation of, 1035 
requirements for common condenser con¬ 
trol, 1036 

Superposition, principle of, 75 
Systems, electric, “closed” and “open,” 8 

T 

“T” antenna, 888, 892, 900, 945 
directivity of, 946 

Telegraph transmitter, a modern triode, 758 
Telegraphy, continuous-wave, 365, 711 
spark, 365 

Telephone receiver, Baldwin or “balancecl 
armature,” 435 
Seilit, 439 
thermophone, 440 
wat(!h case, 436 
Telephone receivers, 4.37 
as a parallel circuit, 104 
impedance of, 1001 

variation with current, 1003 
motional reactance and resistance of, 1001 
static reactance and resistance of, 1001 
Telephony, radio-, current in receiver, 786 
current in receiving antenna, 784 
current in transmitting antenna, 783 
field of use, 780 
multiplex, 8.35 

power rcfiuired to cover distances, 378 
principle of operation, of transmitter, 
781 

of receiver, 784 
sources of power for, 790 
transmission of speech by, 786 
Temperature cooffiiaent of resistance, 27 
3 etrode, 503, 689 
'fhennal voltage, 14 

noise in amplifiers due to, 1062 
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Thermionic current, 458 I 

Thermophone, 440 | 

Thoriated tungsten, 465 
activation of, 46G 
deactivation of, 467 
Three-electrode tube, 481 
Thyrite, characteristics of, 206 
Tilt of wave front, 376 
Time constant, of a condenser circuit, 53 
of an inductive circuit, 41 
Tin foil used for shieftiing, 282 
Trans-Atlantic radio-telephony, 839, 843 
directive antennas for, 844, 845 
power levels in, 840 
Transconductance, of a triode, 533 
triodes with a variable, 534 
Transformation of frequency, 741 
Transformer, audio frequency, 985 
action of commercial types, 999 
constructional details of, 998 
effect of capacity across secondary, 991 
e(iuivalent circuit of, 986 
for output circuit of amplifier, 1001 
^d bias, 998 
interlayer insulation, 995 
internal capacity, 993 
leakage reactance, 992 
plate current on primary inductance 
of, 997 

primary reactance, 988 
resistance across secondary, 991 
Bcctionalized windings for, 994 
variation of primary self-inductance with 
signal strength, 996 
“oscillation,” 403, 429 
“resonance,” 411 

Transformer, intermediate-frequency, 1039 
Transformer, radio-frequency, 1009 

effect of capacity between windings, 1013 
coupling upon amplification, 1010 
selectivity, 1013 
proper construction of a, 1039 
use of sectionalized primary winding in, 
1012 

Transformer repeating amplifier, 984 
analysis of action of, 985 -999 
effect of capacity across secondary, 991 
internal transformer capacity, 993 
plate voltage on, 999 
resistance across secondary, 991 
signal intensity, 1000 
frequency response curves for, 994-999 
necessity for negative grid bias in, 998 
“resonance hump” in, 992 
tests of ratio with “free” secondary wind¬ 
ing, 996 

Transient conditions in a circuit consisting 
of L, R and C in series, analysis 
of, 330, 332 

Trarwiient current, in a circuit having an 
iron core inductance, 71 
in a circuit consisting of resistance and a 
condenser in series, 77 
in an inductive circuit, 66, 68 


Transient current, on switching a resistance 
circuit to an a.c. line, 61 
Transient phenomena in audio-circuit of 
spark transmitter, 411 
Transmission, directional, 392, 959-964 
distance of radio signal, 378, 380, 837 
line between station and antenna, 763, 
845, 937 

radio, effect of sun on, 383 
short wave, 368, 384, 392, 400 
with ultra radio-frequencies, 402 
Transmitter, continuous wave, a modern 
short wave, 758 
Transmitting, apparatus, 393 

methods of, applicable to Goldschmidt 
alternator, 754 

applicable to high-frequency alternator, 
752 

applicaljle to Poulscn arc, 750 
applicable to static frequency changers, 
755 

applicable to tube oscillators, 755 
Triode, 481 

amplification factor of, 514 
factors determining, 517 
variations in, 521 
current-potential relations in, 513 
for very high frequencies, 621 
model of, 484 

potential distrilmtion in, 482 
used as dynatron, 655 

Triodes, with varying transconductance 
534 

Tul>o, three-electrode, 481 

as a “converter,” 486, 567 
as a detector of damped waves, 534-558 
r.s. crystal, 565 

as a detector of undamped waves, 585, 
587, 634 

with separate tube for generating local 
oscillations, 638 
peculiar noises in, 644 
peculiarities of adjustments for, 643 
test of oscillating condition, 641 
as an amplifier, 486, 703 
characteristics of, 703 
as generator of alternating currents, 
analysis of, 569 

analysis of more commonly employed 
circuits for self-excitation of, 588 
effect of load resistance on possible 
output of, 573 

effect of phase relations on possible 
power output, 579 
field of application, 4S6 
output, efficiency, and internal losses 
for normal oscillation, 571 
phase relations of voltages and cur¬ 
rents in, 575 

representable by diode, 576 
seif-excitation of, general analysis of, 
581 

variation of output with excitation, 
581 
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Tube, three-electrode, as oscillator, adjust¬ 
ments for maximum output, 606 
amplitude of oscillation in steady 
state, GOO 

circuits with two frequencies for, 624 
constancy of frequency of, 626 
effect on critical coupling of con¬ 
denser in series with grid, 639 
elimination of undesired frequencies 
in, 625 

experimental check of theory, 596, 618 
fixing frequency in, by piezo-electric 
crystal, 627 

high-fre(iuency circuits for, GIS 
stability of oscillation for, G04 
starting and stopping oscillations in, 605 
as power converter, detailed study of, 
65S 

efficiency of, for various forms of plate 
current, 668 

efficioncj'' of, vs. plate voltage, 669 
important variables for efficiency of, 
665 

results obtained w’ith self-excited cir¬ 
cuit, 684 

self-excited, action of at high fre¬ 
quency, 686 

theory of, proved by experiment, 676 
as power converter, when self-excited, 
682 

when separately excited, 658 
with exciting voltage of adjustable 
phase, 683 

with inductive coupling, character¬ 
istics of, 68S 

detecting efficiency of, 567 
evacuation of a, 498 

heating of plate as operating limitation 
of, 574 

in radio telephony, 811 
input circuit of, 523 
interelectrofle capacity of, 526 
alTected by plate circuit, 527 
oscillating, as spark receiver, 646 
potential distribution in, 482 
practice in construction of, 707 
I>rediction of oscillatfjry condition for, 
505 

rectifying action of, without grid con¬ 
denser, 534 

with grid condenser, 545 
relation l>etwcen current and potentials, 
513 

test for quality of amplification of, 707 
transconductance of, 533 
v'ariationa in amplification fact/>r, 521 
v'ariation in amplifying power of, with 
average grid potential, 706 
variation in amplifying power of, with 
grid potential and plate voltage, 
707 

variation in amplifying power of, with 
resistance in plate circuit, 705 
various types at present used, 708 


Tube, three-electrode, with positive common 
junction and with negative com¬ 
mon junction, characteristics of, 
554 

with variable amplification factor, 522 
two-electrode, 469 

as voltage regulator for a variable speed 
generator, 471 
characteristic curves of, 473 
effect of plate current on filament cur¬ 
rent, 479 

variation of electron emission from vari¬ 
ous parts of filament, 479 
variation of plate current with plate 
voltage, 473 

variation of potential drop between 
plate and different parts of fila¬ 
ment, 477 

vacuum, in radio-telephony, 811 
Tube noises in amplifiers, 1060 
Tube oscillators, control of energy for, 

' 755 

methods of sending applicable to, 755 
Tubes, danger to, from ionization, 497 
effect of gas in, 495 
evacuation of, 498 
four-electrode, 503, 689 
ionization in, 495 
limits of operation of, 489 
multi-function, 710 
“space charge” in, 475, 480 
three-electrode, air-cooled, 490 
amplifying pow'er of, 514, 521 
as oscillators, alternating-current supply 
for plates of, 697 

a.c. supply with filter circuit for, 
702 

operating in parallel for largo pov er 
output, 650 

separate exciter for a group of, 651 
possibilities of, for large power trans¬ 
mission, 490, 493 

probable practical efficiency of, 749 
“audion,” characteristics of, 504 
characteristics of, 503 
detection of gas in, 499 
effect of external resistance in plate cir¬ 
cuit of, 981 

effect of filament current on character¬ 
istics, 481, 507 

effect of plate voltage on characteristics, 
473, 508 et seq. 

factors affecting amplification constant 
of, 517, 520 
fields of use of, 486 
for high-power telephone sets, 841 
for high voltage, effect of secondary 
emission in, 671 
hydraulic model of, 485 
hysteresis cycle in, 501 
input circuit, measurement of, 523 
conductance vs. filament current, 525 
grid potential, 525, 526 
plate voltage, 525 
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Tubes, three-electrode, input circuit conduct¬ 
ance vs. voltage impressed on in¬ 
put circuit, 525 

modern receiving, characteristics of, 509, 
510, 520 et seq. 
mutual conductance of, 533 
output impedance of, 518 
plate-circuit resistance of, 518 
potential distribution in, 482 
potential of free grid in, 511, 512 
relations between currents and poten¬ 
tials in, 513 

resistance of circuits of, and its varia¬ 
tion, 518 

various types of, 487 
water-cooled, 490 
assembly of, 492 

with small amount of gas, characteristic 
curves of, 500 503 

Tuned grid circuit, oscillations with, 016 
Tuned plate circuit, oscillations with, 590 
Tungar rectifier, 471 

Thoriated tungsten filament for vacuum 
tubes, “activation” of, 400 
“deactivation” of, ‘*07 
“reactivation” of, 408 
Tungsten, emission from, 459 

U 

Ultra radio-frequencies, transmission with, 
402 

Umbrella antenna, SSS, SS9 
Undamped signal, received on crystal, 775 
Uneq\ial currents in the filament of a vacuum 
tube, 479, (>(’»(> 

Unipotential emitting surface for a vacuum 
tube. 478 

Unit, of capacity, 38, 243 
of current, 25 
of energy, 26 
of power, 26 

of quantity of chH-tricity, 26 
of resistance, 20 
of self-induction, 32, 209 

V 

Vacuum pumps, 499 

\'acuum-tubc transmitting sets, arrange¬ 
ment of apparatus in, 778, 841, 
849, 851 

Vacuum tubes. (Sec Tubes.) 

Valve, Fleming, 470 
Variable inductances, forms of, 233 
natural frequencies of, 276 
Variometer, calibration curve of, 234 
Velocity of propagation of waves, 360 
Vibrating reed, used in aerial navigation, 
969 

Voice, human, power of, 803 
Voltage amplification factor of three-elec¬ 
trode tube, 514 
determination of, 514, 519 


Volt, definition of, 26 
Volume control, automatic, 1041 

W 

Water-cooled tubes, 490 
Wattmeter, 64 
Wave antenna, 904 
Wave ground, 380 
sky, 380 

Wave length, 294 

natural, of antenna, 936 
of multilayer coils, 274 
of solenoids, 275 
of typical coils, 275 
of typical variometers, 276 
of electromagnetic radiations, 359 
Wave lengths, range of, for radio communica¬ 
tion, 363 

Wave-meter, use of, to detc'nnino wave 
length and energy distribution 
curves, 425, 429 
Wave motion, discussion of, 355 
Wave propagation, Austin-Cohon’s formula 
for, 373 

V'olocity of, 360, 362 
Waves, radio, attenuation of, 372 
continuous, 365 
damped, 365 

efTe<d of magnetic storms on, 383 
electromagnetic, fliscussion of, 357-359 
frequency and wave lengths of com> 
j)lete spectrum, 3();! 
transmission of, in water, 903 
fading of, 385 

number of, in a train, formula for, 303 
retlecdion of, 371, 380 
refraction of, 375 
“skip-distance” of, 369 
stationary, of e.m.f. and current in an¬ 
tenna, 933 

length of, in antenna, 937 
“ trains” of, 3(i5 
transmission on different, 364 
types of, used in radio communication, 
365 

undamped, 365 

effect of frequency variation on reception 
of, 772 

possibility of reception of by means of 
crystal, 775 

radiation from receiving sets for, 774 
reception of, as affected by upper har¬ 
monics, 769 
receivers for, 765 
action of, 764 
autodyne type, 765 
control of pitch of signal note in, 768 
heterodyne type, 765 
“short-wave,” 771 

various types of, used in radio communi¬ 
cation, 365 

velocity of propagation of, 360 
water, 356 
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Wave-shape, effect of condensers and coils 
on, 74 

of alternating currents, 22 
Wave-trains, 305 

X 

“X” cut quartz plates, 630 


Y 

“ Y" cut quartz plates, 630 


Z 

Zero power level, 977 




BiRLA INSTltilim 6# ffecMimfCY A 


Call No. 


PILANI dUiasUwa) 


Aoc. N04 

MM 


DATE OF BETURN 



